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Chapter 1 : Introduction

Intensity modulation is a key element of optical
communication systems. The intensity of light entering a
fiber can be changed by varying the laser drive current
(direct modulation) or by externally modhlating light
originating from a continuous wave laser. Direct
modulation offers simplicity and low drive power but, is
inherently limited at high frequencies due to laser
relarxation resonance [(11. Also, madulation near the
relaxation resonance requires that the laser be operated
near its maximum output power resulting in accelerated
degradation of the laser. External modulation requires
greater microwave drive power, has added optical coupling
power losses, and results in increased system complexity.
However, external modulation is attractive because it
does not have the the inherent bandwidth limitations of
direct modulation. An external modulator fabricated on
and using tHe electro-optic effect in Gallium Arsenide
(GaAs) is even more attractive because 1t 1s potentially
integrable with GaAs lasers. Integration of the laser
with the modulator could reduce optical coupling losses
and system complexity while ~allowing modulation at

frequencies above the laser relaxation resonance.
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The highest bandwidth external modulator reported
is a lithium niobate (LiNbDS) travelling wave
Mach-Zehnder interferometer operating at 0.83 micron
wavelength with a bandwidth of 17 GHz [21,031,C4].
Recently, three electro-optic Mach—-Zehnder modulators
have been reported on GaAs at 1.3 micron wavelength
£51,061,L71. The highest bandwidth achievéd was 4.5 GHz
{S1] using bulk electrodes. The bandwidth of bulk
electrnde modulators is ultimately 1limited by the
electrical RC time constant or the time required for the
light to propagate through the modulator.
Theoretically, these limitations can be overcome with
transmission line electrodes. This was attempted by Lin
[7]1 who obtained a bandwidth of 4.1 GHz. In the case of
transmission line electrodes, the microwave signal
propagates slower than the light and the bandwidth is
limited by the "walkoff" between the two waves over the
device length. Better matching of the microwave and
light velocities offers a potential for higher
bandwidth.

To integrate the modulator with a GaAs/GaAlAs
heterostructure laser, it 1is necessary to have a
modulator operating at 0.78-0.88 um wavelength. GaAs
modulators and lasers could be integrated with other
components on GaRs MMIC's (Monolithic Microwave

Integrated Circuits) to form a fully integrated fiber




optic transmitter. This thesis will investigate for the
first time a Mach-Zehnder electro—-optic modulator
fabricated on GaAs, operating at a wavelength of 0.82 um,
and utilizing travelling-wave electrodes.

Some background information on fiber optic links,
modulation techniques, and a review of previous Qork is
provided in Chapter 2. Chapter 2 also des;ribes some of
the requirements of an integrable GaAs modulator. The
electro-optic effect of GaAs 1is examined in chapter 3
along with the Mach-Zehnder intensity modulation scheme.
Chapter 4 describes the investigation of low loss, single
mode optical waveguides. The design of coplanar
electrodes 1is discussed in Chapter 5 and a fully
dimensioned modulator design is presented. The modulator
bandwidth of 11.95 GHz is calculated along with its drive
powetr requirement of 2.335 watts. The high drive power
iz an issue to be addressed in future experiments, but

the theoretical bandwidth is higher than any reported

GaAs modulator.




Chapter 2: Rackqground

2.1 Motivation: Advantages of Fiber Optic Links

In the realm of high speed communications, fiber
optic links offer several distinct advantages over
traditional microwave electronics. The;e advantages
encompass long distance communication links and short
distance applications such as local area networks
(LAM's) and antenna arrays. Low attenuation, low cost,
immunity from electrical interference, light weight, and
high bandwidth are all offered by fiber optic
communications [13J. |

Long distance telephone communications can
especially benefit from low attenuation, low cost, and

the absence of electrical interference. These 1links

usually operate at a laser wavelength of 1.3 microns

where fused silica fibers exhibit their lowest
attenuation. For example, silica based single—mode
cptical fibers offer losses of 0.47 dB/km at 1.2 - 1.6

microns [8]. This is three orders of magnitude smaller
than FRG-400 coaxial cable (1115 dE/Em) and .141
semi—-rigid coaxial cable (790 dB/km) when operating at 5

GHz [2]. This dramatically reduced attenuation means




fewer repeater stations over long hauls, resulting in

lower system cost and complexity.

Short distance communication links are attracted by
the light weight, reduced size, interference immunity,
and high bandwidth of fiber optics [91. Much space is
occupied by copper cables used to interconnect computers
in local area networks. Space is even %ore critical
when trying to feed large antenna arrays. The hollow
metal waveguides presently used in the 20 - 30 GH:z
satellite band are impractical for feeding the millions
of elements engineers hope to use in the future. In
addition, crosstalk between the closely spaced array
elements can be reduced if not eliminated by using fiber
optics. Weight is another major factor for antennas
used on satellites which must be launched into space
aboard rockets with limited payloads. Further reduction
in size and weight is possible i7 the many copper cables
can be replaced by a single optical fiber carrying
frequency division multiplexed signals.

Fiber optics will not yet solve all of the problems
mentioned above for antenna arrays. To date, no links
above 17 GHz have been reported, maliing their
application to the 20 - 30 GHz satellite band
unrealizable. In addition, the power requirements of

these short haul, high bandwidth 1links make them



impractical for satellite applications where the
available power is limited. But, the tremendous
advantages offered for high frequency communications by

fiber optics make it an active area of research.

s N

2.2 Direct vs. External Modulation

A typical fiber optic communication link is shown
in figure 1. It shows the three major components of a
communication link: the transmitter, the optical fiber
as a transmission media, and the receiver. The 1light
entering the fiber can be intensity modulated by either
a direct or an external method. The aefinitions and
advantages / diéadvantages of these two methods will be
exzamined in the following paragraphs.

A direct modulation scheme is shown in fig. 1b.
Here, the RF signal is added to the laser diode bias
current in a microwave matching network. In this way
the laser intensity is modulated directly by changing
the laser drive current. This method has the advantage
of simplicity, but suffers from two disadvantages.
First, the usable bandwidth is limited by the laser
relazation resonance which 1is determined by the laser

cavity geometry and material parameters. To date, the
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highest direct modulation bandwidth reported is 16 GHz
at room temperature, while up to 26.5 GHz has been
achieved if the laser is cooled to -60°C [10]l.  Second,
the high bandwidths are only available when the lasers
are operated at their maximum output power. This may
result in faster degradation of the laser diode [11.

For operation above the laser relaxat}on resonance,
an external modulation scheme (fig. 1c.) must be used.
In this method, the laser is.biased for. continuous wave
operation and the beam passes through an external "black
bo:" for modulation. The "black box" can use any of a
number of effects (electro-optic, acousto-optic,
Franz-Keldysh effect, quantum wells, etc.) to achieve
modulation. This thesis will approach only the linear
electro-optic effect because it has shown the most
promise 1in past modulator reportings. External
modulation also suffers from two drawbacks. First, the
svstem is made more complex by the addition of the
external modulator element. Second, significant optical
power losses result from coupling light intc ang cut of
the modulator. However, for modulation at frequencies
above the relaxation resonance, there is no alternative
to external modulation.

An external modulator integrated on the same chip

as the laser source offers advantages over both direct




and external modulation. The laser resonances would not
limit the modulation bandwidth because the laser would.
be operated as a continuous wave source. The optical
coupling would be significantly improved by eliminating
the laser—-to-fiber and fiber-to-modulator Junctions
required by the conventional external modulator. System
complexity would be reduced to the level ;f the direct
modulatar. This would be at the expense of a more
complicated fabrication process to accomodate both the
laser and modulator technologies. Overall, an
"integrated external modulator" could combine the best
of both worlds.

-~
,
<

.2 Feview of Previogus Worl

As mentioned in the introduction, the highest
bandwidth external modulator yet reported is a lithium
niocbate (LiNsz) device reported by Gee, Thurmond, and
Yen [21,[321,[41]. This was a Mach—-Zehnder modulator
(fig. 2) utilizing the high (PZS) electro-optic
coefficient of LiNbDS as well as travelling wave
electrodes. It demonstrated a = dBE bandwidth of 17 GH:=:
and complete intensity modulation with 120 mW of drive

power at 0.82 um wavelength. The change in electrode

voltage required to swing from minimum light intensity
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Figure 2. LINbO3 Modulator [4]

at the output to maximum 1intensity was VPi = 5 V.
Unfortunately, LiNbDZ has limited optical power handling
capabilities because it is a photorefractive material
susceptible to optical damage C11. Gee et. al.
reported, "photo-induced optical throughput losses even
at low optical power levels (<50 uW at 0.6328 um into 4
um channel waveguides)" [41]. In addition, questions
have been raised about the DC bias stability of
modulators fabricated on LiNbOs. Ultimately, the
technology barrier makes it impossible to grow LiNbO3 an
any semiconductor substrate. Therefore, integration of
a LiNbD: modulator with a diode laser 1is also
impossible.

The +first haigh bandwidth GaAs modulator was

reported by Donelly, Demeo, Ferrante, Nichols, and

O'Dornell (111 1n August of 1984. They demonstrated
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modulation of 1.2 um light using a 2 mm interaction
region [61]. They reported an extinction ratio* of 14.5
dE at the output with a Vpi of 22 V applied to one arm
of the modulator. They reported a bandwidth of 2.2 GHz
~3.0 GHz small signal optical intensity bandwidth)
which was limited by the RC time constant of the bulk
electrodes used to establish the microwaveé field. One
unusual feature of this modulator is that it used three
guide coupliers (fig. 3) to evenly couple light from the
input guide into the modulator arms and then back into
the cutput guide. While this is easier to fabricate
than Y-branches, the interaction length for complete
power transfer is critical and difficult to predict
accurately.
The second high bandwidth GaAs modulator was
reported by Buchmann, Kaufmann, Melchoir, and Grekos in

March of 1985 [S]. It utilized the motre traditional

*The entinction ratio is a measure of the ability of a

modulator to change light intensity.

evtinction ratio = - 10 log (I_-1 )/1I I <1
[w} m (@] m - (@)
> 1
m o
where Io is the transmitted intensity when the maimum

- 10 log (Im—ID)/Im 1

electrical signal is applied and Im is the transmitted

intensity when no electrical signal is applied [121].
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Y-branches for power splitting into (and\cdmbining\.out
of) the modulator branches. The "Y" was fabricated byA
using reactive ion etching (RIE) to make a sharp tip
with vertical waveguide sidewalls and thus reduce losses
at the junction (fig 4). Their device demonstrated an

extinction ratio of 12.7 dB using a vpi of 13 V when

operated 1in a push— pull configuratién {(opposite
polarity voltages applied to each branch) at a
wavelength of 1.3 um. The optical signal bandwidth was
repcrted to exceed 4.5 0GHz which 1s the highest yet
reported for a GaAs modulator. As with the Donelly
modulator, the bandwidth of this device was limited by
the RC time constant of bulk electrodes.

Most recently, a GaAs modulator using travelling-
wave electrodes was reported by Lin, Wang, and Houng 1in
August of 1986 [7]1. This device also operates at 1.3 um
with an optical extinction ratio of 13 dB when a VPi of
8 V is applied to one arm. It demonstrated an optical
signal bandwidth of 4.1 GHz, limited by the "walkof+"
between the microwave and optical +fields. This
"walkoff" is due to the fact that the microwave field
propagates through the modulator's interaction region
slower than the 1light. Though this modulator did not
achieve a higher bandwidth than the Buchmann device, it

is a milestone as the first travelling-wave GaAs
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modulator. The travelling wave electrodes (with proper
velocity matching) potentially offer a higher bandwidth

than bulk electrodes [13].

2.4 Issues of Integration

All of the GafAs mocdulators reported have been
designed to operate at a wavelength of 1.3 um. The
motivation for this is best understond from a histor:ical

perspective on cptical fibers. The earliest links

100

operated exclusively T I ‘
near 0.8 um oF -
wavelength where 20 Furly 1970s
fibers exhibited a 10 ]
E
L. . =
local minimum 1N = 50 ]
£ Mid 19705
attenuation {(fig. 35). 3 .
e 1
In the mid 70's, < Lol
improved fused silica -
0.5 \/ i
fibers showed lower \\\\\\\\~,//
02 Carly 1ends B
attenuation near 1.3 ' ‘
01 1 ! !
000 su0 10UV 1200 IRV foud 1500
um and 1.6 um Wavelength (nm)

(141

wavelengths.
Figure 5. Fiber Attenuation vs. Wavelength




The choice of 1.3 um was driven by the availability of
InGaAsP laser dindes operating at this wavelength. Some
work at 1.6 um has more recently been undertaken to to
takke advantage of even lower attenuation at this
wavelength in the 1980's. This historical evolution was
directed by the need for extremely low losses in long
distance communication links. However in ‘short links,
zurh as local area networks and antenna arrays, where
th2 higher attenuation is tolerable, there are
advantages to operating at shorter wavelengths
(n2ar 0.8 um).

Thougnh no attempt to fabricate an integrated
external modulator will be made in this thesis, it 1s an
important long range tachnology goai. Lasers operating
at a2 wavelength of 1.2 um are an InGaAsF technology
grown epitaxially on InF substrates because there is
good lattice matching between the InGaAsP layers and the
InF substrate. Lattice matching 1is important to avoid
thermal stresses when power is applied to the laser for
long periods of time or near 1its threshhcld current.
The reported II1-V modulators are either doped layers of
GaAc or GaAs/GanlAs heterostructures grown epitaxially
on SaAds substrates. Eefore any attempt at integration
ic possible, both the modulator and laser must be

fabri-cated on the same type of semiconductor substrate.



Foor lattice matching between InP and GaAs will make
this difficult using the reported modulators and InGaAsP-
lasers. Semiconductor lasers using GaAs/GaRlAs
heterostructures grown on a GaAs substrate are available
in the wavelength range of ©0.78 um - 0.88 um. I+ a
modulator using films grown epitaxially on a GaAs
substrate could be made to operate 1in this wavelength
range, it would have the potential te be integrated with
a lase=r on a GaAs substrate. In addition, GaRs MMIC
(Monolithic Microwave Integrated Circuit) Technology is
advancing rapidly. A GaAs modulator could be integrated
with a laser and othet+ transmitter components for a
fully integrated fiber optic transmitter.

Unfortunately, making a modulator operate at the
shorter wavelengths does not mean simply shining 0.82 um
light into cne of the previously reported modulators.
In each of these modulators, the actual guiding layer
carrying the light 1is GaAs. Figure 6 shows that GaAs
has a high absorption coefficient at this wavelength
[15]. This means that much of the light would simply be
absorbed by the guide layer independent of the applied
microwave field. This problem can be solved if GaAlAs
layers are used to guide the light. The substitution of
aluminum for gallium in the crystal lattice shifts the

absorption edge to shorter wavelengths (fig. 6) giving
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the GaAlAs layers low absorption coefficients at the
wavelength of interest. This technique of using Gaﬁlﬁsv
toa reduce the absorption in a ‘modulator has been
demonstrated at low frequencies using a waveguide phase

modulator operating at a wavelength of 0.88 um [161.

el
a

S Freblem Statement

Given the background presented in this chapter, it
appeatrs that before a laser and modulator can be
intearated, a GaAs modulator cperating at the wavelength
of GaAs/GahlAs heterostructure lasers must be designed.
This thecic will investigate the design of a modulator
fabricased on and using the electro-optic effect of GaAs
while cperating at a wavelength of 0.8Z um. This
includes utilization of the ma:imum electro—-optic effect
available in GaAs, the design of 1low loss single-mode
optical waveguides, and travelling wave electrodes
cffeoring a petential for higher bandwidth. The required
drive voltage and power of such a modulator will be
theoretically determined along with the potential

bandwidth.




Chapter Z: Electro-0Optic Modulation in GaAs

3.1 Electro-0Optic Effect of GaAs

In general, the electro-optic effect in a
crystalline material 1is a change in ;ts index of
refraction in the presence of an externally applied
electric field. This change can be proportional to the
applied field (linear effect) or proportional to the
square of the applied +Ffield (Kerr effect) [171. Gahs,
with its cubic lattice structure falls 1into the first
category and exhibits the 1linear electro-optic effect
C1=1.

The electro-optic effect in Gahs is a result of the
fact that it is a birefringent material in the presence
of an external field. That 1is, light propagating
through the crystal can be decomposed into orthogonally
polarized waves. These ordinary and extraordinary waves
will propagate with different velocities. This results
in a change in the direction (but not the magnitude) of
the total optical field as it propagates through the
material.

The change in the velocity of propagation can be

described by a directionally dependent inde:x of
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refraction. This is because the velocity of propagation

(v) in a material is related to the speed of light (o)
through the index of refraction (n) by:

Y= 5 (3.1)
The index of refraction in any material can be fully

described by an index ellipsoid.

. o ) 3
1 2+ \:2 + 1_"1' : + 1—1-1—7 _'2
n- " n< Yy -~ b +
1 - n -
- L P A L J >
- - e . (Z.2)
- lﬁ\’ ~ —q-l ) 1
LYy 2 o + il -~ + 2 = -
Y 3] 4 “ n = <Ry n- 1
. L o | J6
2 . . ..
lihere the (1/n )i directional coefficients can be

changed by the application af an external field. The
equation is simplified (in the absence of an e:ternal
field) if the %, y, and z coordinate axes are taken as
the principal axes of the material. These are the
orthogonal directions along which D and E remain

parallel.

n,“ ny“ n_<

)]
A
(-

If the coordinate axes are defined as

e
(
.
4

-

principal planes will rotate relative to the fixed
coordinate system and (3.2) must be wused when the
exxternal field i applied. The si1x directional
coefficients of the inde:x ellipsoid change linearly with

the applied field according to




1 3 '
gl {—:] = s PijEJ
nT i & Z.4)

where rij are the electro-optic coefficients of the

material and j represents the 3 orthogonal components of

the coordinate system (1=x, 2=y, 3==z).

To simplify the discussion, it is best to specify
the crystal as BaAs at this point. GahAs {falls into the
cincblende <class of cubic lattices where the only

nonzero coefficients are r = pPo., = F

41 5z 53" Figure 7

shows the possible gecmetries with the corresponding
inde;: ellipsoids and relative phase shifts for
zincblende crystals [18]. For the maximum phase shift,
the geometry is repeated in figure 8 as it will be ucsed
for the modulator. The unprimed coordinates represent
the principal system with no aj-plied field, while the
primed coordinates represent the principal system when
the field is applied. The external applied field is:

1 .
= /3 [ * 2y ) En (3.5

The equation of the inde: ellipsiod with the +field

applied 1s:

SR 2r,.E -
___] i e YOV 5 %
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Figure 7. Elecro—Optic Effect of Zincblende

for 3 Geometries [18]
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The equation shows that without any externally applied
field, GaAs has the same index of refraction in all
directions and is not birefringent at all. The

coordinate systems are related by:

1 W'+ v!

n = — + = 3
11—2- 3 . (3.7.a)
1 xl+ vl

y = — — + =z (3.7.0)
Y 2 ¥ 2

2= 2 (y'- ) (3.7.¢)

— A 3.7.
v'2

1§ equations (3.7) are substituted into equation (3.6),

the equation for the index ellipsoid becomes:

1 1
- )
P e — oy | T
(=) [no‘- r‘zJAEm] ') [no"‘ + r‘41“:.11]
" (.8)
(')~ _
+ == =1
P
(]

-
The new (ifnx)‘ can be read freom the equation as:

2
1 1 -
[ETT] = ;—3‘ - raEq (Z.9
i o

If n ! is solved for and cnly the first term of a

binomial expansion of N is used
Q ’

) o = n_“r
= -n_*“ ~ o 417m <. 1c
My no[l "o r41Em J ~ no{1+—_“7—————} 3.1

-




similarly,

n zr E
= - o 41 ™m
e [ |
(Z.11)
while n_' = Ny is not effected by the applied field.
I1If an optical field (ED) which is polarized

parallel to the applied field is incident on the

crystal, )
N s

<

o ol ativo
Tthe relavtvive

phace chift induced by the crystal can be
determined. For this particular field direction, the
notation 1s independent of the cocordinate system. That
is: ~ ~ ~ .2
3, *ay T A T %y (3.1

A+t the endface of the crystal, the optical field is:

E -~ -Jjk_,.,1 - -jk_ ., 1° -
- 2 " = y' (Z.14)
gcut - [ ax ¢ + ay €
¥ 2
and the relative phase shift of the orthogonal
components 1s seen to be:
_ 2N _ N = e
r = (kx‘l - ky,l) = 1(n,. ny.) (3.15.a)
=20 (i o+t n Sk, E )= (na—in r, E 3] (3.15.)
= 3 No*x Ny P Epl)™ P=an, MyiEqt ) toe o
2nl > . (Z.15.¢)
- = Tﬂo -'41 Em



These results are exactly those reported by Namba except
for Em' He chose to replace the general applied field
with the field set up by parallel plate electrodes on
the sides of the crystal. The more general expressions
using Em directly will be more useful in the

Mach—~Zehnder analysis of section 4.2.

In the foregoing analysis, GaAs has been analy:zed
as the electro-optic crystal. However, the absorption
edge problem discussed in section 2.4 forces the use of
GaAlas for a modulator operating at 0.82 um wavelength.
This discrepancy can be resolved by the following
argument. The electro-optic effect is primarily
determined by the structure of the crystal lattice. If
the GaAlAs film layers are grown epitaxially on a GaAs
substrate, these layers will have nearly the same
crystallographic geometry, dimensions, and orientation
of the GaAs substrate. Therefore, the electro-optic

coefficient ( ) and analysis of the epitaxially grown

"a1
GaAlAs film layers will be taken as that of a bulk GaAs

crystal. Data on the r coefficient of GanNs 1is

41

included in Appendix A.




3.2 The Mach—Zehnder_ Modulatar

The geometry used to determine the electro-optic
effect in section 3.1 produces a phase shift between the
primary orthogonal components of the optical +field.
This means that the intensity of the light is unchanged
(neglecting losses in the crystal). while the
polarization has been rotated through an angle T /7 2
(fig. 9.a). For fiber optic communication systems, the

_____ A -
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easiest signal to detect nt

o = T & - o
1D P S LAY A ey

isity Th

Y- he phase
modulator could be converted to an intensity modulator
by inserting another polarizer at the output [131,[019]
(fig. 9Qa). As an alternative, a Mach-Zehnder
interference scheme (fig. 9.b) can be used to achieve
intensity modulation [12],L20]1. Here, the input optical
field is divided equally into the two arms of the
modulator. An external field applied to the arms causes
light in one arm to be phase shifted relative ta the
other. When recombiﬁed at the output, the light
interferes and if the relative phase shift is 1800,
complete 1i1ntensity modulation is abserved. The
Mach—-Zehnder will be examined in more detail in the rest
of this section.

A geometry in which the external field is applied

to the modulator arms in opposite directions with a
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polarization parallel to the incident light polarication
(fig 9.b) will produce the maximum relative phase shift

available in GaAs. The externally applied fields are:

E, = (a, +a, J Ey = —E (3.16.a)

[y

~

N]
\

is applied to one of the modulator arms and E,

<o

where gl
is applied to the other. The incident optical field

(go) can be represented as it was in section S.l.

o
—
w2
+
pY
——

Eo (T.156.b)
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=

The field at the output of each arm has been phase

shifted to :

-— (0] o~ y .1.- .
§4out = ;;E [ax.e + ay.e ] (Z.17.a)
E -k 1 .. e . —-Jje.
= 2 e o [a,.e + ay.e ] (Z.17.b)
— ® .
Y 2
E -jk 1 -3e . Je
E~ = 2 e © [av,e + ay.e ! 3.17.¢)



. r _nl 3 .
where &= o= = = ng" ray By | (3.18)
h

is the relative phase shift derived in section 3.1.

When the phase shifted fields reach the output guide,

they interfere and add vectorially to give:

= —Jkol “~ ~ Je —j»-}
=out [é

e (a,+ ayl) +e J
(Z.19)

The iight at the output of the modulator is polarized in
the same direction as the input 1light. The magnitude
has been changed (due to the applied field) while the

rhaze ehift is equal to the propagation delay through

s

the modulator. The intensity at the output is:

2 DT
1=L€e - gF = Es” cos*l&l
< = (3.2

and intensity modulation is seen to be an inherent
property of the device. Since the phase shift 1s
proportional to Em’ the relation between the output
intensity and the applied field is not linear (fig. 10).
U ver

Mo
1 ric vo

. . . . . .0 .
, if the device is biased with a 907 phase shi+tt,
emall signal modulation that is approximately linear can

be achieved,
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Figure 10. Output Intensity vs. Phase Shift
for the Mach—Zehnder Modulator

Figure 11. Exciting the first cssymetric
optical waveguide mode
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Wavequide Constraints

Some further insight into the nature of the
modulation can be gained if the equations are derived in
a slightly different way. The derivation is the same as
the previous section up to equation (3.17). The

.

exponentials can be converted using Euler's formula to

give,
£ _ Fo e_jk"lf('; +3 Jcas(e) +ja_sin(@ /oL (3.21.a)
=logut Y‘: l- b y) = d g 2_] aale
£ -3k 1 . X - ~ -
. _o o J . )i E cip(e L (3o
gcout e e [Lax+ayJCOS(‘) Jazsln(,),‘,2J Z.21.b)

The modulation procecss is really a mode conversicn 1in
the modulator arms. QOptical power 1is conyerted from its
input polarization (éﬂ + gy)/ 2, to the orthogonal
component a_ through the electro-optic effect. The
conversion is in opposite directions for the two arms

1 =

and the components will always interfere

27
destructively.

In the previous enalysis, a method of guiding the
lignht through the modulator has not been discussed. It

will be shown in Chapter 4, that it is possible for the

optical waveguides to support multiple modes. I+ the




output waveguide supports a second mode, the above

analysis breaks down. The opposite a_  fields can excite

an assymetric mode in the output guide (fig 11). If
supported, the light will propagate (with two intensity
peaks) to the output of the modulator and no intensity
modulation takes place. If the output guide is single
mode, the energy which would e;cite the assymetric mode
is simply radiated into the surrounding substrate and
does not reach the modulator output. Therefore, the
output guide must be single mode to prevent excitation
of the assymetric mode and achieve intensity modulation.

The problem of designing single mode optical waveguides

will be addressed in the next chapter.



Chapter 4: Optical Wavequides

4.1 Wavequiding Structures

The Mach-Zehnder modulator requires some form of
optical waveguiding which must meet two requirements.
Fircst, the optical guides must exhibit low propagation
loss [201. Otherwise, too much optical power 1s lost in
the modulator even if no intensity modulation takes
place. Inefficiency due to coupling and propagation is
a disadvantage of external modulation that needs to be
minimized. The second requirement of the optical
waveguides is that they be single mode. As discussed in
the previous section, this is necessary to achieve the
intensity modulation in the Mach-Zehnder.

Four possible dielectric waveguiding structures are
shown in figure 12 [73,[203,0211,[22]. In all optical
waveguides, the light will concentrate in the area with
the highest index of refraction and trail off
exponentially in the areas of lower index. 1In all of
the waveguides shown, the 1light is vertically confined
to the layer with the highest index of refraction.
However, each employs a somewhat different method of

lateral confinement to form "channel" waveguides. In
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the metal clad waveguide (fig. 1Za), lateral guiding
takes place because the metal reduces the effective
indey of the substrate below. This gives the center
unmetalized strip a higher index than the surround and
the light concentrates in the center. In the strip
loaded and rib waveguide strucfures, the effective index
of the center is again higher for guidance in this
region. In the strip loaded rib waveguide, the ridge
again increases the effective index of the center
relative to the sides. But here, the guide layer |is
separated from the surface by an insulating layer.

A significant step toward reducing praopagation
losses can be taken with the proper choice of the
waveguide structure. In the metal clad waveguide,
losses result Qhen fringes of tHE 6ptica1 field are
absorbed by the metal. In all optical waveguides, a
major source of loss is scattering from imperfections 1in
the guide. The 1lateral confinement 1is patterned by
lithography and formed by etching or liftoff processes.
These techniques yield sidewalls which are not perfectly
vertical, not perfectly smooth and hence, scattering
from these lithographically defined boundaries results
in losses. In metal c¢lad, strip loaded, and rib
waveguides, the optical field is in close contact with

these lithographically defined boundaries. However, the




strip loaded rib waveguide has an isolation layer
between the lithographically defined loading rib and the
guide layer. This means that the light intensity at the
lithographically defined boundary is decreased, and less
light 1is scattered [231. For this reason, the
strip—-loaded rib waveguide was chosen to provide low

loss optical waveguiding for the modulator.

4.2 The Effective Index Method

The optical fields can be calculated for the strip
loaded rib waveguide by using an effective index method.
This approximation is valid if the optical field is well
confined and for modes not near cutoff [221. It 1is
assumed that the light passes through a polarizer before
entering the waveguide and is polarized parallel to the
film layers. Furthermore, the solution is separable and
can be written as Ey(x,y) = Ey(x)Ey(y). Ey(x) is found
by solving a 4-layer planar guide in regions I, II, and
I71 as if each is infinite in the y direction (d/dy = 0)
as shown in figure 13.b. The different guide layer
thickness causes the effective propagation constant in
the center guide to be different from the outer guides.

An effective index in each of the three regions is then
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cbtained as Nags = Beff / kO and a 3I-layer planar guide
(fig. 13.c) is solved in the lateral direction to give
Ey(y) and the propagation constant for the total guide.
The total optical field is then the product of the
separated solutions.

The terms TE and THM whgn used in reference to
optical waveguiding hold a somewhat différent meaning
than their use in microwaves. The microwave definition
states that TE implies Ez = 0O while TM means H_ = 0 for
propagation along the z axis. A more stringent
definition is used when referring to optical waveguides
because light can be polarized before it enters the
guide. The only nonzero components of the TE mode are
H‘, Ey’ and Hz (fig. 14a) while the TM mode has only Ex’
Hv’ and Ez cbmponents (fig. 14b). Using these
definitions, the solution for Ey(x) is a TE mode while
Ey(y) represents a TM mode solution (fig. 14c). The

total solution Ey(x,y) is the product of a TE and a TM

mode and thus has both E7 and HZ components.

4.2.1 The 4-tayer Planar Guide

The 4 layer planar waveguide is shown in figure 135

with the coordinate system defined. For confinement of
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light in the guide layer, it must have the highest index

of refracticn (n1 >n, 2 Ng S £ P In addition, the
propagation constant must be restricted (n,)k0 < ﬂeff <

nlko) to avoid propagation in the cladding layers.

To find a TE solution, assume a solution in each of
the layers using trigonomﬁtric, hyperbolic, and
exponential functions. Unspecified constan;s are left in
the solutions and are used to satisfy the boundary
conditions on the electric and magnetic. fields.

rppropriate functions capable of satisfying the boundary

conditions are found to be: [(221,0241]

A G sinh(y) exp (q-x) (4.1.a)
Ey(x) = A G sinh(q.x + y) (4.1.b)
A cos[hi(x—tf—ts)+¢)l (4.1.c)
A cos (@) exp[qo(ts+t{—x)] (4.1.d)
Jlwt - g=) )
where the e factor has been omitted for

notational convenience. The constants G, psi, phi, 950
hl’ Gns and < will be chosen to satisfy the boundary
conditions. For equations (4.1), the Ffilm layers are
specified by the suffix letter on the equation as

defined in egquations (4.2).

x 10 (4.2.a)

0 ¢ x L tf (4.2.b)

t1c {x £ (t++t ) (4.2.c)
(tf+tg) { % (4.2.d)



This convention will be adhered to for the rest of this
section.
The unspecified constants L Py hl’ 9,s and q; are

related to the propagation constant by:

2 2 2, 2
93 = Bets ~ "3 ke (4.2.a)
2 - 2 2, 2 -
qn = Pgf¢ ~ N2 kD (4.32.b)
2 _ 2 2, 2 3
h1 = Beff + ny ko (4.3.¢c)
Qo = Bazs -~ Po ko (4.2.d)

A derivation of the required boundary conditions is

supplied in Appendix B.1. Using the boundary condition

requiring that Ey be continuous at the intertace it = tf
yields:
G sinh(q2t++y) = cos[hl(t{—t{-ts)+¢)l (4.4.a)

cos [ hyt_ - g1
6 = : 179 : (4.4.b)
sinh [ qztf + w ]

In addition, continutiy of dEy / dx is required at all

of the interfaces.

A G g5 sinh(y) exp(gq=zx) (4.5.a)

dE_ (:0) _ [ A G 9, c?sh( ok + g ) i4.i.b)
d: - A h1 51n[h1(x—t{—tg)+¢) 4.5.c)
- A A0 cos () exp[qo(t9+tf—ﬁ)] (4.5.d)

Equating at the boundaries yields:

1. x =20
A G q5 sinh(y) = A 6 9~ cosh(y) (4.6.a)
_ -1 5 92
y = tanh { 7= } (4.6.b)




P N-——tf

A G An cosh(qzt{+g0 = - A h1 s1n(h1t9 % (4.7.a)

95 coth (q2t4+y) = h1 tan(hits—ﬁ) (4.7.b)
3. x = (t_ + t)
f g

- Ah, sin(g) = - A q, cos(gh (4.8.a)

¢= tan‘l {q()
}. (4.8.b)

Substituting (4.6) and (4.8) into (4.7) gives a single

ejuation to account for all three boundary conditions.

f -1{92 -
q2 coth I\qzt{ + tan Elt }—

h., tan { h,t_ - tan™?! o } (4.9)
1 | "1%g Ryt .

Since the tangent function repeats every pi1 radians, the
higher order modes can enter the solution here. After

some rearranging, the total eigenvalue equation becomes:

1 (g
t=0=h;t - mn - tan 1 52
9 1

- tan - 1 cothfq t .+tanh” ' “ ]1 (4.10)
i G2+ fy 4

where m = 0, 1, 2, ... is the mode number.
Now, the propagation constant can be found using a
computational bisection technique to find a root of eq.

(4.10) (253 The endpoints are n- k. < 3 < nlkﬂ and

!
C
0
-+
-+
|

equations (4.3) and (4.10) are used until !2! ¢ 10 in

eq. (4.10). Then Bef{ can be substituted into equations
(4.4.b), (4.5, (4.7), and (4.1) to determine the actual

field quantities. The subroutines for solving the



eigenvalue equation and determining the field intensity

are included in Appendix C.

4.2.2 tLateral Solution

Once the 4-Layer planar gquides have been solved in
the three regions (fig. 13), an effective gndex for each
region can be determined from the effective propagation
constant i1n that region [211,0223.

_ Pets (4.11)

n
eff
ko

The lateral I-Layer planar guide is shown in figure 16
with the same absolute coordinatensystem that was used
for the 4-Layer solution. Again, the notational
convention of relating the regions with the letter

suffis in each equation will be used.

P -
lyl £ _E__ (4.12.a)
lyl > trw (4.12.b)
- e

The solution of the 3-Layer planar guide can be
derived in the same way as the 4-Layer solutions.
However, the equations are simplified by symmettry
because the outer regions have the same effective index.
Solutions of the form:

A cos (h,y) (4.12.a)
Ey(y) = -~

A G exp(—qliyl) (4.13.b)
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Figure 16. Lateral 3—Layer Planar Waveguide

N
0
N t
1
N
2
Figure 17. Assymetric planar waveguide



where the constants P and h, are defined by.

“22 = p° + nzgff ko” (4.14.a)
2 _ .2 _ 2 2
P E Niefs Ko’ (4.14.b)
and are used to satisfy the boundary conditions. The

¢

required boundary conditions are derived 1in Appendix

E.2. The constant 6 is determined ‘'by the boundary

condition requiring continuity of Ey at y = tRw/Q.
A cos (hotpy /7 2) = A6 exp (—q tg, 7/ 2) (4.15.a)
G = cos (hotp, / 2 ) exp (qytpu 7/ 2 } (4.15.b)

The boungary condition requiring dEy / dy be continucus
at y = tRw / 2 is again used to determine an eigenvalue

equation. Starting with dEy / dy,

dE, (y) j — A hy sin (h, |y (4.16.a)
G2 l
- A G q; exp (—qlly]) (4.16.b)
- Ah i 2y = - 4
2 s1n(h2tRw/4) A G qlexp(—qltRw/Q) (4.16.c)

cubstituting for G, and modifying the equation to
account for higher order modes vyields the final

eigenvalue equation.
A =0 = - _ " —1q1
A =0 = h.;.tRw mn 2tan

N~

(4.17)

The propagation constant is again found as a root
of eq. (4.17) by using a bisectional technique [Z51 with
nleffko < B £ nze{{ko in equations (4.14) and (4.17).

It is not necessary to reprogram the eigenvalue equation




because equation (4.10) degenerates to eq. (4.17) when

ts = Q. Again, the subroutines for solVing the
eigenvalue equation and determining the field quantities

are included in appendix: C.

4.8 Single Mode Buidance

At the end of chapter Z, it was indicated that the
output waveguide of the Mach-Zehnder must be single mode
for intensity modulation. The modulator will be most
efficient if all guides only support a single mode.

For a 3-layer assymetric planar guide (fig. 17),
the cutoff conditions can be determined from the

following equations [Z213,[Z61].

1 2 2 2
y=%tk, (n~-n,= 31 (4.13.a)
2 271/2
S S
ve = & tanl 3 | A O + Mo (4.18.b)
l " T P2 [

where v is the normalized frequency, Ve is the cutoff
normali-ed frequency for mode M, and kD is the freespace

wave number. Equating (4.18.a) with (4.13.b) where t =

+  aives: (2 _ 23172
= -1 l N> "o ]
Mn + tan 1= .
t = -
c 5 179 (4.19)

2 g g
< Py -

1%

<

o @7 - nz
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as the cutoff condition for the thickness of. the center
layer. This condition requires that t 2 tc for mode M
to propagate in the guide. Therefore, requiring t < tc
prevents the second mode from propagating and ensures
single mode guidance.

Since the final solution in the effective index
approximation is the product of Ey(x) aéd Ey(y), the
total number of propagating modes is the product of the
number of vertical modes and the number of lateral
modes. This means that single mode waveguiding 1is
required in each ot the 3-layer guides as well as in the
3-layer transverse gulde. For the transverse J3-layer
guide, equatioﬁ (4.19) Qith M=1 gives the rib width at
which the second lateral mode begins to propagate. This
represents the .assymetric mode to be eliminated for
Mach—Z=hnder intensity modulation. If the field
intensity is negligible in one of the outer regions of
the 4-layer guide, the cutofft condition can be
appro:ximated by equation (4.19). These conditions will
be used to l1imit the thickness of the guide layer (in
the 4-layer guide) and the rib width to ensure that a

single mode is supported by the total guide.




4.4 Isolation from the Substrate

Before proceeding with the design of single mode
waveguides, the theory must be made more complete to
describe real waveguides. Due to the absorption problem
discussed in section 2.4, the vertical guidance must be
produced using varied concentrations of éaAIAs in the
film layers. However, these layers will be grown on a
pure GaAs substrate which has not been included in this
analysis. The complete film layer structure is shown in
figure 18. According to the Sellmier equation (Appenaix
A), the GaAs substrate has the highest index ot
refraction in the system. Therefore, light will tend to

couple from the guide layer n to the substrate through

1?
the lower cladding layer ngoe Since the substrate is not
transparent at ©0.82 um, this light is absorbed and
represents additional propagation loss.

This coupling phenomenon has been analyrzed by Eoyd
£2Z1,038]) using the following analysis of a 3I-layer
guide on a substrate. If it is assumed that the field
in the air is negligibles, the Z-layer (nz, Nys nD) guide
on the GaAs substrate can be considered using this
analysis. First, the Z-layer guide is solved neglecting

the substrate. Then, the assymetric I-layer planar

guide can be solved by wusing an eigenvalue equation to
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Figure 18. The S—Layer Structure




give the effective propagation constant in an analysis
similar to section 4.2. From the propagation constant,

the following parameters are defined:

- a2 2 2
P = (Boiy ~ kgnyd2 ) Y/ (4.20.b)
.o . “1/°
9= (fafs - (kg™ )17 . (4.20.c)
- 1 1 o
Woss © ts + [F] + [q‘] (4.20.d)

The attenuation constant representing coupling to the

substrate 1s then given by:
1

-2pt

22 2 _ 2 2 2
(N1 Na%4) Peie ™Mo ) (g Noky)

e o (4.21)
Neff¥ess M1 Mo ) (g7 No™)

a = 4 e

If the 1light is propagating in the z direction with
initial intensity IO, the intensity at any point along
the guide (neglecting scattering losses) is given by:

1 =1,e °? (4.22)
The design goal will be to ensure that the lower
cladding layer is sufficiently thick to make radiation
into the substrate negligible over the length of the

modulator.



4.5 The Modulator Wavequides

With all of the necessary equations to characteri:ze
the strip loaded rib waveguide programmed (Appendix C),
it is now possible to design optical waveguides for the
- modulator. As explained in section 2.4, the layers must
be GaAlAs to shift the absorption - edge and make the
films transparent at 0.82 um wavelength. Data on the
position of the absorption edge 1is scarce for low
aluminum concentrations. The photon energy of the
absorption edge vs aluminum concentration is plottad 1in
figure 19 using the data of figure & [151. The light

wavelength is related to phototon energy (E) by

\ = 1.2 um *+ eV
E (ev)

(4.23)
The photon energy corresponding to‘the design wavelength
of 0.82 um is indicated in the figure. The absorption
edge is at this wavelength for an aluminum mole fraction
of about 0.7. Leaving a small safety margin, a minimum
aluminum aluminum mole fraction of 0.1 was chosen for
the film layers [231]. In order to avoid unnecessary
absorption, it 1s necessary that all 4 of the film
layers be transparent to the 0.82 um light.

The layer structure shown in figure 20 waé designed
based on several decisions. To minimize the chance of

error in fabrication, it 1s possible to ensure a single
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vertical mode independent of the thickness of the top
layer. This 1is the layer which will be etched and
subjected to any surface damage effects. Plots of the
guide layer cutoff thickness vs. aluminum mole fraction
are shown in figure 21 for an infinite upper cladding
layer and for none at all. For the 0.8 um guide layer
thickness, an aluminum mole fraction of 0.1 ensures
single mode propagation ingependent co¢f the upper
cladding thickness.

Ne:t, the thickness ot the lower cladding layer was
determined to isolate the guide from the substrate. For

-

the 0.8 um guide layer, the J-layer planar structure has

an effective inde:i, 3.5542. For the lower

Nott

cladding thickness of 3.5 um, an attenuation constant of

0.0018 m-—1 is calculated. Attenuation is usuaily
referred to in dB / length. This can be converted
using: )
dB - —o(cm
a L;;] = - 20 log [é alem ’] (4.24.a)
- -—4 dB ~
= 1.6 x 10 cm (4.24.b)

This means that over a 2 cm device length, the power
lost to the substrate 1is negligible. This is essential
to meet the goal of low loss optical waveguides.

With single mode propagation insured in the
vertical direction, the rib width can be chosen to

ensure that a single mode is supportad 1in the lateral
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direction as well. Since the indices of refraction are
effective indices resulting from the solution of the
4-| ayer guides, an analytical expression of tc as a
function of rib height 1is not easily determined.
Therefore, the cutoff rib width was determined as a

function of rib height by running the analysis program

for a series of rib heights. The results are plotted in

figure 2. Since the lateral guide is symmetrical,

s L WY oY o Ve e st . .

there 1s NoO CUtTori for the 1 mode and any rib width
~nd . .

below the 2 mode cutoff ensures single mode guidance.

For fabrication reasons, a rib height of 0.065 um
and a rib width of 10 um was chosen. The analysis
results produced by the program (including effective
indices, and vertical and lateral field intensity plots)
are shown in figures 23, 24, and 25. The vertical
I-layer approximations appear valid for the 0.5 um upper
cladding layer thickness because the field intensity is
nearly zero at the air intertfacs=. In addition, the
ceparation ot Ey(x,y) = Ey(x) Ey(y) cshould be valid for
the lateral confinement shown 1in figure 25 [221. It
should be pointed out that in order to get better
confinement under the ridge, the rib width must be

increased. This is impossible 1f the single mode

condition is to be satisfied.
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4.5 The Y-Branch

Another factor in the design of optical waveguides
for the Mach-Zehnder modulator is the design of
efficient Y-branches for optical power dividing and
recombination. It has been documented [S5] that if the
angle of the Y separaticn is too large, significant

power 1is reflected back into the input guide. On the

{

aother hand, a <emall angle requires a 1long device for

adequate separation of the modulator arms. Sasaki and
Mikoshiba provided an excellent model for the power
trancfer thrcocugh a Y Junction [3T01. Figure 26.a zhows
the Y junction and the dimensional notation used in this
model. The waveguide analysis program 1s ucsed to

calculate n.)\'n1 ) n,( and the propagation

0 Miess’s M1 Noess’

ccnstant for the rib widths d and 2d. The parameter Vi

1s then calculated from the detinition

V, = 2 kgd ¥ nlé - ng” (4.25
Using the corresponding graph in figure 26.b, a
normalized branching angle for the desired power
transmission ratio (Pt/Pi) can be determined. The

actual branching angle is then related to the normalized

angle by:
(4.26)
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where g8 is the propagation constant for a waveguide of
rib width of either d or 2d because the propagation
constant's are approximately equal anyway.

For the waveguide structures chosen in section 5.5,
a branching angle of 0.3° was chosen in the following
way. The power transmission ﬁgtio was calculated for a
series of possible branching angles. From the waveguide
analysis program using the configuration designed in the

namgrsmtie eortlOon
r" L R —~ i w AIir g

o = 3.55356
n, = 3.95375
d = 5 um

g = 27229712 m !

lambda = 0.82 um
Substituting info equation (4.24), Vi is calculated as
2.82 indicating a high power transmission ratio is
available. The transmission ratio for the series of
branching angles (using the graph in fig. 26.b) is shown
in table 1. It can be somewhat arbitrarily required
that 90% of the incident power be transmitted to the
modulator arms. A branching angle of 0.2° meets this
goal with some margin for error. For higher branching
angles, the power transmission ratio begins to fall off

rapidly.



Chapter 5: Electrodes ¥ Modulator Response Analysis

5.1 Electrode Geometry

With the optical waveguides designed, the next step

ics to determine an electrode geometry which will take
advantage of the ma:imum electro—optic effect. It was
discucsed in Chapter 2 that transmission line
(travelling wave) electrodes offer the potential for
higher bandwidth. Wwith this motivation and realizing
that little work has been reported on travelling wave
modulators fabricated on semiconductor substrates [71],
this thesis will deal exclusively with this type of
electrode configuration.

Two electrode geometries which could be used as S50
ohm transmission line structures on semi~insulating GaAs
are shown in figure 27. This chapter will show that the
coplanar structure meets all the requirements set up by
the foregoing analysis. The microwave field under the
electrode gap 1is essentially parallel to the film
layers. This will take advantage of the ma: imum
electro-optic effect for the Ey optical waveguide mode.
In addition, these electrodes can be driven so that the

microwave fields are in opposite directions in the
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Figure 27. Potential Electrode Geometries




modulator arms. This corresponds to the more efficient
push-pull configuration which was assumed 1in the
Mach-Zehnder analysis of Chapter 3.

In contrast, the stripline of figure 27.a creates a
vertical euternal field for a maximum electro-optic

effect on the E, optical waveguide mode. While this

mode has not been analyzed, this alternative geometry is
certainly possible. One disadvanfége of the stripline
is that the field interaction is only in one arm of the
modulator. This is less efficient than the push-pull
and results in a longer interaction region to achieve
the same phase shift. 1f a second strip is added, the
field lines are severely distorted and the field 1in the
waveguide region may no longer be vertical.

A less obvibuz effect of the electrode geometry 1is
its effect on the optical waveguiding properties of the
modulator. The metal overlayer contributes negatively
to the effective index of the region beneath 1t [Z11].
This means that the optical waveguiding properties of
the ridge are reduced by the stripline. The optical
guidance i1s enhanced by the coplanar electrodes. In
addition, the coplanar electrodes are geometrically
farther from the optical field, implying less light will
be absorbed, and the propagation losses will be lower

than for the stripline. For all of the above reasons,




the analysis will proceed with the coplanar waveguide

structure as the modulator electrode.

5.2 Electrode Impedance

The dimensioned coplanar electrode geometry is
shown in figure 28. No attempt was made ts rederive the
theoretical analysis of this structure because programs
to compute the impedance of this structure had already
been developed at NASA by Dr. Rainee Simons [291,[Z01].
However, an understanding of the limitations of his
analysiz is essential to ensure that it is correctly
applied to the modulator problem. The first assumption

is that the thickness of the electrodes is zero (t = Q).

Since the electrodes only need to be 2 or 3 skin depths

thick (2 - 3 um at 35 GHz), this should have 1little
effect on the impedance calculation. Second, the
substrate is treated as a dielectric. For

semi—-insulating GaAs, the intrinsic conductivity 1is 10—6
mho/m [151 and indicates the relative magnitude of the
conduction current. At § GHz, the relative magnitude ot
the displacement current is given by wE and 1s on the
order of 1011 mho/m. These numbers indicate that the
displacement current dominates and the intrinsic GaAs

can be treated as a dielectric (Gr = 12.1). In
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addition, the analysis does not account for the GaAlAs'
film 1layers grown on the substrate for optical
waveguiding. However, the film thicknesses (“5 um) are
much less than the substrate thickness (“250 um) and the
film layers with small aluminum mole fractions will have

nearly the dielectric constant of GaAs.

The program used i1s a full wave calcuiation of the
coplanar waveguide impedance. This technique 1is valid
for higher frequencies (up to 26 GHz [29]) than a
quasi-cstatic approximation. The design is for a center
frequency of S GHz (highest reported GaAs modulator)
though the coplanar structure has a very large
bandwidth. I+ b, d, s, +, % Er are specified, the
program can be used to find a slot width (w) which gives
a ZO of S0 #+ 0.5 ohms. Using this method, the data
shown in table 2 was generated. A plot of s vs. w to
give ZD = 50 ohms is shown in figure 29. The analysis
begins to break down for w > d and the s vs. w curve
begins to level out in this region. This means that a
small fabrication error in s or w could result in a
large variation of ZO from SO ohm. This data will be
used to design S0 ohm transmission lines for the
modulator as well as efficient tapering from the small

modulator dimensions to the larger dimensions required

for microwave connections.



Table 2
Er =13
¢ L VS Yy
d =250 um I e e e S
t =0um
d
2b = 10 um
f =5 CGHz L J
¢ 2b 1
Zo = 50 + 0.5 Ohms
s (um) w (um) K=Xo/ A Zo(5)
10 8.75 0.3780 49.862
25 21.25 0.3784 49.557
S0 43.75 0.3799 50.110
100 82.50 0.3848 50.062
200 137.5 0.3981 48.573
300 185. 0.4134 50.148
400 210. 0.4258 49.644
500 237.5 0.4382 49.870
600 262.5 0.4499 50.226




Coplanar Waveguide Electrode
Dimensions for 50 ohm Impedance

w (um) .

300

200

100 L

50 L

O 1 1 1 1 ] J
0 100 200 300 400 500 6CO
s (um)
Figure 29.
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S.53 Electrode Design

In addition to the SO ohm impedance constraint,
several factors from the modulator standpoint need to be
considered 1in the electrode design. First, the
branching angle 1limits the amount of space available

between the optical waveguide branchés. With a
branching half-angle of 0.30, the distance along the
propagation direction will be very long when compared to
the lateral spacing between the waveguides. With thais
concstraint, the electrode dimensions were chosen as:

s = 22.4 um w = 20.0 um
To center the 10 um wide optical ridges in the slot gaps
requires a length (along the propagation direction) of
3.1 mm. For a mbre detailed dimensional description see
the full device design in figure Z0. For this choice of
s and w, the calculated waveguide parameters are:

ZO = 50.099 ohm

K = 0.37827
where ¥ is the ratio of the guide wavelength and the
free space wavelength of the 5 GHz signal.

From the required dimensions, it 1s apparent that

some form of tapering 1is necessary before external

connections can be made to feed and terminate the

transmission line. Since the design is already a 50O ohm
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line, no matching network is required if the s and w can
be maintained for S0 ohms in the taper. A &6 point
linear interpolation using the data in table 2 was used
to taper from s = 22.4 um to s = 600 um and from w =
20.0 um to w = 262.5 um over a distance of about 2 mm.

This taper is also shown in figure I0.

The final point to be resolved is how to connect to
the center electrode without interfering with the
optical waveguides. The only way to get this electrode
to an external connection is for it to pass over one of
the optical waveguides. This will affect the optiﬁal
wavegquiding properties as well as increasing the
propagation loss (due to absorption in the metal).
Since the light connects to the modulator at the ends,
it is most convehient to bring the microwave signal in
through the sides. This implies that one of the outer
electrodes must also pass over the optical wavegudes.
To minimize this interference, the outer electrode must
be narrowed. Calculations of Z0 as a function of b
(table 3) show that b should be greater than 0.1 mm to
maintain the S0 ohm impedance. Specification of the
electrodes also complietes the optical waveguide design.
The full modulator dimensions are shown in figures J0O

and 31.
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Table 3
Er =13
d = 250 um t_L 1
t =0um

d

s = 22.5um
w = 20 um l,:
f =5 GHz

Zo = 50 + 0.5 Ohms

b Zo(£)

S mm 50.100

1 mm 50.085
500 um 50.C76
250 um 49.963
100 um 49.228
50 um 46.924
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5.4 Bandwidth

1t has been mentioned on several occasions that a
modulator with travelling wave electrodes has the
potential to achieve higher bandwidths. This is because

the travelling wave electrodes can overcome the transit

time limitation of bulk electrodes [131.

This can be seen by considering a modulator with
bulk electrodes. In the derivation of the electro-optic
phase shift, 1t was assumed that an external field (Em)
was applied to the crystal. When the applied field is
modulated at high frequencies, the applied field changes
during the time it takes the light to propagate through
the moaulator. This reduces the electro-optic phace
shift. The bandwidth is limited by the transit time of
the light passing through the modulator. Yariv provides
a simple (though somewhat arbitrarily defined)
exprecsion for the usable bandwidth of a transit time
limited modulator [13]

f oy = T (S5.1)
where ¥max is the maximum usable frequency (bandwidth),
n is the index of refraction of the electro-optic
crystal, and 1 is the interaction length. For a 1 cm
long modulator using GaAlAs layers (n~3.55), the maimum

usable bandwidth 1is +mav N 2.1 GHZz. It will be shown



that this can be significantly improved by using

travelling wave electrodes.

Another possible limitation for the bulk electrode
modulator is its loading effect on the external driving
circuitry. That is, the RC time constant of the
electrode geometry may limit the modulation bandwidth to
a frequency even lower than the transit ti;e limitation.
The GaAs modulators reported by Donelly et. al. [ and
Buchmann et. al. [S] claimed RC time constants as the
bandwidth limitation.

Eoth transit—time and RC limitations can be
overcome if transmission line electrodes are used. With
a transmission line electrode, the microwave signal
propagates through the modulator along with the light.
An infinite bandwidth is theoretically possible if the
microwave field propagates along the electrodes at the
same speed as the light propagates. In reality, the
microwave field propagates slower than the light and the
bandwidth is limited by the "walkoff" as the +fields
propagate through the device. In the following

analysis. the subscript "o" refers to the optical field

(light) while the microwave field quantities are
indicated with an "m" subscript. Following Yariv's
analysis [133, light enters the modulator arms at z = 0

and 1s at position z(t') = (t'—t)c/no at some later time




(t'). The optical phase velocity is determined by the

effective index (no) of the waveguide as:

At higher frequencies, the electro-optic phase shift
must be considered time dependent as the fields

propagate. The rigorous expression for the phase shift

-
.

over a modulator arm of length 1 is:

ﬂ ~ 1
~ _ 2r 3 . - - -
T = =0y rgy fo e (=) dz (5.3.a)
c Ty
= a — e (t'y, z(t') ) dt' (5.3.b)

where the parameters a, and Td have been defined as

_ 2 3 (S.4.a)
a=x "o Ta
n.-
T = _U 1 = 1
d c = optical transit time (S.4.b)

Taking the modulation field to be single frequency, it

can be expressed as

J(wmt'—km z)

e (t',z(t)) = E e (S.2.a)
. v Conray -

- E, o) Ut Thm R ETTEN) (5.5.b)
where = has been teplaced with its optical time
dependence. This expression can be inserted into
equation (5.3.b) to determine the phase shift.

Ferforming the integratiocn yvields:

P(t) =p ;g mt (5.6
o



where T_=alE_ is the d.c. phase shift, e%nt is the high
frequency modulation signal, and r is the reduction

factor caused by the "walkof+"

v
w [1 - ——]t
r o= e M V- d _ 1
Vo (S.7)
Jw_T [1 - ——]
md m

Following Yariv's analysis has given an expression for
the electro—-optic phase shift at the end of the
modulator arms for high frequencies.

For the Mach—-Zehnder modulator, the ma::imum

bandwidth of the intensity modulation at the output is

decired. From Chapter I,
? )
Iout = lin €95 |z (5.8.a)
is the output intensity when the “walkot+" is not

accounted for. With the "walkoff" accounted for,

-

. _ o (IFCE) ]
out = lin €OS ? ] (5.8.b)

To evaluate the 3 dB bandwidth, the Mach-Zehnder 1is
i = 0.5 vy DC voltage r
biased at Iout O.JIIn by applying a DC ge across
the electrodes. Since this is a DC bias, the bias
intencsity is given by (S.8.a). MNocw, the AC modulation 1is
really the change in intensity from the bias point and

the reduction factor must be accounted for as shown in

figure 2. The figure shows an analysis similar to




Iouts/Iin

Figure 32. Mach—Zehnder Intensity Output
for Low and High Frequency Modulction



methods used 1in large signal power amplifier design.
The DC plot is used to establish the bias point at Iout
= Iin/2 and the modulation is described by changes along
the AC curve. For low frequencies, iri™1 and the AC
curve closely follows the bias curve. As the frequency
increases, iri<1 and the AC curve is elongated along the
FD azis. To determine a 3 dB bandwidth,.Eonsider the
ratio £1'/51 indicated in the figure. This ratio is a
function both of the reduction factor and the phase
cshift.

Concsider the cace of complete intensity modulation.

For low frequenciec (where r.1) the intensity change 1s

[}

€1 = 0.5 Iin for 8T = =n / 2. The 3 dB bandwidth 1is
determined by finding the reduction factor for which

£1' = 0.25 glin when & =n / 2. Mathematically, this

is the point at which (point A on the figure)

1 .
out _ - 2 n _r -
r;— = 0.75 = cos {2 ll 2‘] } (5.9.a)
h=[1-%cos oy =3 (5.9.b)
n 0.75 ) 3 -7
The modulation frequency at which this reduction 1is

achieved can be determined from the definition of the

reduction factor. Phi can be defined as

g=w T, [1 -0 (S.10)

n T (12 s.
m -

to simplify the reduction factor to:




i _ (5.11)
r= S = {cos ¢ —- 1) + j sin g
J J @

1t is really the magnitude of the reduction factor which
effects the intensity modulation (5.8.b). Taking the
magnitude gives after some trigonometric substitutions:

sin ( £) (5.12)

s —g
2

Equating (5.12) with (5.9.b) gives the angle as :

¢ = Q. 7:54 n (5
Pefore substituting into (S5.10) to find the bandwidth,
the velocity of propagation can be converted to index of

retraction by,

Ym "o c ng, (S.14)
where "o is the effective index seen by the microwave
field and is related to the guide wavelength (lambda

prime) by,

Using (5.14), (5.15), (5.4.b), and (5.13) in (5.10)

gives the desired bandwidth limit:

"0 1 - "m 1 = _
Wan o [ c ] } N, ] ¢ (S5.16.a)
.C i
¢ (75)
+ 1 = (s. .
noom ’.I_"_"._n_,ﬂ S.16.0)
=L ng

Substituting the previcus recults

n_ = 2.95767 (5.17.a)
o

n_ = 2.6429 : (5.17.b)
m



yields
, g o 072340 G 108 m/s) . 1o.m
" " 355267 [211 Qa - f.:—g.g.%)] s
= 11.95 GHz ° cm (5.18.b)

as the bandwidth length product of ;he designed
madulator. It is observed that the 11.95 GH=z
theoretical bandwidth of a 1 cm long modulator is
.Significantly greater than the transit time limited
bandwidth.

Before leaving the discussion of modulator
bandwidth, there are two important points to consider.
First, the bandwidth is intimately tied to the length of
the interaction region. For increased bandwidth, the
device can be shortened. It will be seen in the next
section that this requires «dditional drive power.
Second, the result (5.18) is for full intensity
modulation over the nonlinear intensity function.
Therefore, it represents a minimum theoretical bandwidth
of the modulator. 1§ the drive signal is smaller,
requiring a smaller phase shift, the modulation will be
more linear. It follows that the reduced distortion

will allow a higher bandwidth for small signals and the




above analysis could be rederived using a small signal

analysis.

S.5 Modulator Power Requirements

To determine the drive power required by the
modulator, the field created by the coplan;r electrodes
must be determined. The full wave analysis used to
determine the impedance was also used by Simons to
calculate the electric fields [311. The equations are
provided in Appendix D along with a listing of the
program used to.calculate the fields. Before presenting
the results, there are several limitations of using this
analysis. The electrodes are again assumed to have zero
thickness. In reality, the electrodes must be several
skin depths thick to reduce thin film resistivity
losses. At 5 GHz, using gold electrodes ( ¢ = 4.1 x 107
mhos/m), the skin depth is:

2
6=Y.———u—:1'1“m
(5.19)

-

/ -
¥ 20(5x107) (4nx10-7) (4. 1x107)

So, the electrode thickness should be at least 3 um.
The optical guide region is the region from 0.5 um to

1.3 um below the surface. However, the guide region is



below the electrode gap where the +fringes (not

rigorously accounted for due to zero thickness
assumption) will have minimal effect on the solution.
The other potential problem is that the GaAlAs layers
are not accounted for in the analysis. While the
dielectric constant of the films is nearly that of the
GaAs substrate (as in impedance calculatioﬁb), the film
boundaries may be important is determining the fields.
At the dielectric interfaces, some charge can collect
and shield the fields. Therefore, the actual field in
the guide layer will be slightly smaller than the

calculated result.

Using the field program, the field for z = O um to

12}

= 1.5 um (fig. 33) was calculated using a small grid
(z =0.14 um , y = 0.5 um) and was found to be
approximately parallel to the film layers. At the four

edges of the optical guide reginn (fig. 3IZ) the fields

are found to be:

E, (a) = 48314.4 Vv, (V/m) (5.20.a)
E, (b) = 45610.93 Vg (V/m) (S5.20.b)
E (€)= 45859.2 vV, (VM (5.20.c)
E_ (d) = 46193.8 Y, (v/m) (5.20.d)

where Vo is the voltage applied across the coplanar
electrodes. The average field in the region of the

guided light 1s:
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Figure 33. Modulator Cross Section



E, = 46300 V (V/m)

o (S.20.e)

Remembering the phase shift equation of chapter 3,

21 3
= <=— r 1 E
r x "o 4t m (5.21)
full intensity modulation requires I' = % and a field of:
(r=n X\ ey Vv
E, = - = 831000 g (s5.22)
2n ngT ray 1

Substituting into equation (5.20.e) gives=the required
voltage as VPi = 17.9 V for a 1 cm interaction region.
This is for full intensity modulatioﬁ with no DC bias.
The modulator can be operated in the push-pull
configuration by applying a DC voltage to bias the
modulator at Iout = 0.3 Iin' The required AC voltage is
reduced by a factor of 2 and is: vpi = 8.9 V. An
important point is that EPi is inversely proportional to
1. The required field intensity can be reduced with a
longer interaction region. In designing a modulator,
there is a tradeoff between bardwidth and drive power
through the device length. A short modulator gives a
higher bandwidth at the expense of higher. drive power
and vice versa.

The mimimum power required by the modulator can be
ectimated from the time average power flow down the

transmission line electrodes. This is given by:

*

= 1 . =
P = o7 [ (E = E")@s (5.23.a)




1 2
P= o7 3 (E +EZ ):2a
© cross

sectional (5.23.b)
area ° °

The field along the direction of propagation is purely
imaginary (Appendix D) and so does not carry any time
average power flow. This summation was carried out by a
computer using a tight grid near the electrodes (where

the field intensity is not uniform) and a wider grid far

from the electrodes (where the field changes more
slcwly). The summation was terminated when the field
intensity had reached 10% of its maximum value. The
result is that

2 2 2

Z (E + £ 7)) = 2.92734 V

y rd o

giving a total power of

2
P=.95 (2.92374) Vv ~ / 1
(=] o

P

2.335 Watts
for a modulator bperated in push-pull configuration with
an impedance of S0 ohms.

This is a high drive power requirement and raises
concerns about the substrate's ability to handle this
power. But, this power is not consumed by the
modulator. Instead, the power just propagates down the
transmission line and 1is dissipated in the 350 ohm
termination. There 1is only a small amount of power
(“4uW) dissipated through resistivity of the GaAs.
Another concern is that the required field intensity not

evceed the dielectric breakdown point of the GaAs



substrate. The highest field intensity ¢reated by the
coplanar electrodes is 4.96 x 104 Vv/m (at the center of
the electrode gap on the wafer surface) while dielectric
strength of GaAs is 4 X 107 v/m [151. These two results

insure that no physical damage to the modulator will

result from the required field intensity and power.




Chapter 6: Fabrication

6.1 The Fabrication Process

With the design of a GaAs modulator completed, the
next step is to begin characterizing a fabrication
process. The steps required to fabricate ;he modulator
are outlined in section 6.1.1. The prccedure can be
broken down into 4 major steps. The first step, the
epitaiial growth prccess, was contracted outside NASA
and will be described below. The rest of the
fabrication process will be described in more detail 1in
the rest of this chapter. In addition, the drawings of
the specially designed test fixture are included in
Appendix E. |

The modulator is fabricated on a (100) semi-
insulating GaAs substrate. The (100) specification 1is
the orientation of the crystal lattice as was chosen in
chapter 3 to utilize the maximum electro-optic phase
shift in GaAs. The semi-insulating substrate acts as a
dielectric for the coplanar transmission line
electrodes. The BGaAlAs film layers can be grown by
molecular Beam Epitaxy (MBE) to produce low loss optical
wavequides [3Z]. The epitaxial growth process means

that the lattice of the grown layers copies the

c o=




orientation of the substrate. Since fhe GaAlAs lattice
spacing is closely matched to that of GaAs [331, a
crystal film which is almost identical to GaAs results.
The MEE process produces very high quality films with
layer defect densities on the order of 2000 defects/cmz.
Taking the lattice spacing of S5.5533A [141] into account
gives a volume defect density of 3.5 x 1010 defects/cms.
Since the molecular density of the GaAs crystal is 2.21

- v ~
=1 molecules/cm”, only about 1 in & x 10IU molecules

x 10
is a defect.

The growth of the films was contracted by NASA to
Fertin-Elmer's Physical Electronics Division in Eden
Frairie, Minnesota. The growth process placed some
limitations on the design of the optical waveguides.
The MEBE process can control the film thickness very
accurately (on the order of an atomic diameter).
Hcwever, the aluminum mole fraction of the film layers
has not been well characterized. The relative
difference of 0.1 to 0.13 (aluminum mole fraction) was
designed based on the tolerances Perkin—tElmer determined
feasible. To prevent oxidation of the top GaARlAs layer,
a 100 A GaAs overlayer was specified in the growth
process. - This overlayer will protect the GaAlAs from

the time it is first exposed to air after growth at

Ferkin-Elmer, until stage Il processing begins at NASA.




6.1.1 Outline of Modulator Fabrication Frocess

I. Epitaxial growth of GaAlAs films
A. Start with (100) semi—insulating GaAs wafer
B. Grow 3.5 um Ga_87A1.1,As by MEBE

-~

C. Grow 0.8 um Ga.?OAI.IOAS by MBE
D. Grow 0.5 um Ga.87A1.1395 by MBE

E. Grow 100 A GaAs by MEBE

11. Etching of Optical Waveguides

A. Clean water

B. Remove GaAs overlayer

C. Pattern waveguides using photoresist
1. Apply photoresist
2. Expﬁse through waveguide mask
Z. Develop
4., Fattern leaves photoresist over areas

not to be etched

D. Etch 65D A of Ga 1 13A5 layer

.87"

E. Remove photoresist

II1. Metallization of microwave electrodes
A. Clean wafer
B. Pattern waveguides using photoresist

i. Apply photoresist



2. Expose through waveguide mask
Z. Soak in chlorobenzene
4., Develop
s. Pattern leaves photoresist over areas
not to be metallized
C. Evaporate 2-3 um of gold
D. Soak in acetone to liftoff metal déposited on

photoresist

IV. Packaging
A. Cut device to final size (Zcm X émm)
E. Cleave ends of optical waveguides
C. Insert into specially designed fixture

D. Bond connectors

6.2 Lithography

Lithography is the process of transferring
geometric shapes onto the semiconductor substrate £341.
The lithographic process to be used for the modulator
fabrication is shown in figure J4. The geometric
pattern 1s transferred from the mask to the photoresist
by expaosing the photoresist to ultraviolet light through
the masl. The mask is in contact with the photoresist

during exposure for exact 1:1 printing of the pattern




l UV Light

V' /1 mask VY /|

Photoresist

Substrate

a. Exposure

b. After Developing

Figure 34. Pattern Transfer by Photolithography



and to avoid diffraction of the light around small
device features. Fositive photoresists are normally
used because negative resists can swell when developed.
This swelling is negligible until device features are
emaller than about S um [T4]. After exposure, the
resist is developed and removed everywhere that it was
exposed to light. The result is a mask én the device
surface which can be used in further processing.

The process of making a mask for the Mach-Zehnder
optical waveguides presents some unique problems.
Usually, a mask is made to scale many times the desired
size and photographically reduced to the desired size.
The original, large scale mask is made by cutting the
pattern out of a thin csheet of rubylith. The minimum
feature size which can be cut on the rublith is about 10
mil (250 um). The final device can be reduced until the
feature size reaches about 1 um and is 1limited by
diffraction through the optics of the photoreduction
system.* In the case of the Mach-Zehnder, the feature
cize i1s limited by the aspect ratio of the device. That
is, the ratio of the minimum feature size to the overall

device length. The largest original that can be

* .
For even smaller feature sizes, electron beam

lithography can be used.




photoreduced is 1 meter. To produce a modulator that is
2 cm long requires a reduction of S0:1 from the 1 meter
original. This means that the minimum feature size is

=

250um/50 = 5 um. In the Mach-Zehnder, the minimum

d
feature is at the point of the Y-Branch split (fig
26.a). To achieve this liqit, the minimum optical
wavegquide ridge width is 2d = 10 um. This.was the ridge
width chosen in chapter 4 "for fabrication reasons”.

Unfortunately, the available photoreduction
facilities are not equipped to handle the required S0:1
reduction. With some effort, the photoreduction was
manipulated to aqhieve the S0:1 reduction with 1limited
success. Figure 325 shows the two modulator arms after a
S0:1 reduction. The lines are fuzzy because the final
reducing lens is f#=9 and is nearing its reéolving power
for the 10 um line width. Also, the reduction camera is
not vibration isolated. Small vibrations can be
significant when attempting to produce 10 um lines.

The sidewalls of the optical waveguide ridge must
be smooth to reduce scattering of light from the edges.
Although the strip 1loaded ridge waveguide 1is less
susceptible to this scattering than other structures, it
is still a significant concern. Therefore, a better
mask is presently being contracted out by NASA. The

facilities available at the mask contractor should be
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Figure 35. Parallel Modulator Arms
on Waveguide Mask
(line width = 10 um)
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able to produce a straight waveguide edge to a tolerance
of about 0.1 um. This will be a great improvement over

the mask shown in figure 35.

6.7 Etching

The loading ridge of the optical waveguides is
formed by an etching process. Once the photoresist has
been patterned, the surface of the wafer 1is etched
chemically or by a dry etching technique. The resist is
not effected by the etching process, and protects the
film layers below. After etching, the photoresist can
be removed by an acetone rinse and the mask geometry has
been transferred onto the device.

There are basically two methods of etching; wet
etching and dry etching. Wet etching is a chemical
etchant (usually an acid solution) which attacks the
GaAs or GaAlAs layers. Wet etching leaves a smooth
surface in the etched regipn but 'etches in all
directions. This 1leads to the undercutting shown in
figure Ib. Dry etching techniques scsuch as Flasma
Etching or FReactive 1Ion Etching (RIE) wuse chemical
reactions between the top film layer aided by high
energy ion bombardment to etch the surface [341]. The

result of RIE is a vertical sidewall (no lateral
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N AW

A. Before Etch

08 B3

B. After Etch

C. Photoresist Removed

Figure 36. The Etching Process

RIE Damaged PhotoResist . ‘
S __Vertical Sidewalls

PODP PP

Figure 37. Surface damage caused by
Reactive lon Etching
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etching) but, the etched surface is damaged by the high
energy ion bombardment (fig 37).

For the 10 um wide waveguides, a 650 A etch is
required by the design of Chapter 4. For this small
etch depth, the lateral etch distance of a wet chemical
etch 1is al=o small. Thgrefore, it will not
significantly effect the 10 um ridge width: The smooth

surface remaining after a wet chemical etch

to reduce scattering losses

Therefore, a wet

modulator fabrication process.

fabricated in

larger (fig. 22).

at that point if lateral

RIE is also the method ucsed

fabricating the

scattering and reflection

A very slow wet chemical

the 650 A step.

a7, 130

solution of 3H7P04 :1HL0,

~ -

of Ga

characterized at NASA for

Ga

NI CED

The etch was
sensitive so temperature

maintained using an 1ice

chemical

future designs,

Reactive Ion Etching may be

sharp tip

Inoue and Sakaki

film layers

is desirable

in the optical waveguides.

etch was chosen for the

1§ a narrowar ridge 1is

the etch depth will be

required

etching becomes significant.

by Buchmann et. al. [3]1 1in

of the Y-EBranch to reduce

losses at the Jjunction.

etch 1s required to form

[35] reported thinning

b 200A usine weak acid
Y g

: 75Hd0 at OOC. This etch was

GaAs and two mole fractions of
found to be highly temperature

was carefully monitored and

bath. Frior to etching, the
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solution was always at 2°C with a rise during etching to
4—590. The results are tabulated in table 4 for the

available aluminum mole fractions. Since the top layer

of the modulator is Ga 87A1 13A5, it is important that
this etch be characterized accurately. Table 5 shows
the results of this etch on 4 separate occasions. The

deviation between these trials is 15.9 A/min (?.37).
For the I minutes 42 seconds required to etch the ridge,

a final result of 650 + 25.6 A is obtained.

6.4 Metallization

The microwave electrodes are added to the modulator
by the process of metallization. The metallization
process is shown 1in figure Z8. The process begins with
exposure of the photoresist through the mask to transfer
the electrode geometry to the resist. Before
development, the wafer is soaked in chlorcbenzene to
harden a thin layer near the top of the photoresist.
The recict is then developed for a period longer than
normal to procuce the undercutting shown in the figure.
A thin layer of titanium (Z200R) followed by the gold
electrode layer is then deposited by an evaporation
process [3I51. The thin layer of titanium is used

becauce 1t adheres to the GaAs better than gold. The
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Table 4

Material Etch Rate (A/min)
GaAs 147.29
Ga(.87)Al(.13)As 170.33
Ga(.4)AI(.6)As 184.51

Table 5
Trial Etch Rate (A/min)
1 167.9
" 170.33
3 179.5
A 163.6
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Figure 38. The metallization process
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gold will then readily adhere to the titanium layer.
When the wafer 1is soaked in acetone, the remaining
photoresist is removed along with any @etal deposited on
the resist layer. The undercut achieved wusing the
chlorobenzene <coak leaves gaps in the metal layer
through which the acetone can attack the photoresist.

The available processing facilities limit the metal
thiclnecss to about 1 um. This is because as the metal
particles deposit on the substrate, their energy 1is
transferred to the substrate through inelastic
collisions [3&1]. This energy transfer results in
heating of the substrate. Since the evaporation process
takes place in a vacuum, the substrate cannot radiate
this heat energy to a surrounding atmosphere. For
thicktneszses above 1 um, thermal expansion of the
substrate destroys the film adhesion. That is, the GaAs
substrate expands at a different rate than the metallic
film layer. The resulting chear stresses pull the
metallic layer away from the substrate.

In order to achieve a metal thickness of 22 or 3

skin depths, this metallizatiun process will have to be

1imptroved. One option i3 the addition of a water cooled
substrate hclder. The cooling could be used to control
the substrate temperature and reduce the thermal

stresses for thicker films. Another alternative 1is to
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evaporate only a thin (<{S00A) metal seed layer. Then
the electrodes can be built up to several microns by an

electroplating process.

5.5 fBaps Dry Eun

Te evaluate the processing, a dry run of the
process was pertormed on a semi—insulating GahAs
substrate (without the MEE film layers). The developed
photoresist for the optical waveguides is shown 1in
figure Z9a and figure I9b shows the etched rib after the
photoresist was removed. The poor quality of the mask
is manifested in the ragged edges of the waveguides.
The tip of the Y-Branch is shown in figure 40. This
structure is difficult to fabricate because the region
between the ridges is becoming infinitescimally narrow.
The diffraction 1limitatiens in the photoreduction
process used to make the mask are again the cause of the
ragged edges of the Y-Branch. These problems should all
be solved by the new mask.

The alignment of the electrode layer photoresist is
shown in figure 41. The lines of resist used to protect
the optical wéveguide ridges can be aligned well and

cover the edges completely. The picture shows the short
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Figure 41. electrode photoresist over
optical waveguides on GaoAs
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length of the optical waveguide ridges which will be
covered by metal so that the electrodes can connect to
the outside world. Unfortunately, the liftoff procedure
was not successful on this dry run. This was most
likely due an error in the chlorobenzene soak. However,
this procedure has been successfully demonstrated at
NASA on numerous other devices.

The results of the dry run show that a somewhat
crude first modulator can be fabricated. The
lithography limits imposed by the mask photoreduction
process will result in a modulator with higher
propagation loss than desired. However, upon delivery
of the MBE grown films, an initial modulator can be

fabricated for testing.



Chapter 7: Conclusion and Paths {for Future Work

A Mach-Zehnder modulator operating at 0.82 um
wavelenagth, using the electro-optic effect of GaAs, and
utilizing transmission line electrodes has been
investigated for the first time. A modulator fabricated
on GaAs and operating at this wavelength can potentially
be integrated with a GaAs laser or other microwave
components on an MMIC. The electro-optically induced
phase shift has been rigorously derived for the geometry
in which it is maximized. The electro-optically induced
phase shift 1is converted to intensity modulation of
light using the Mach-Zehnder interference scheme. The
optical waveguiding properties of the strip-loaded ridge
waveguide have élso been examined. GaAlAs film layers
were used to provide a tfansparent medium in which the
light can travel. The optical waveguide was analyzed
using the effective index method to determine the field
intensity profiles and mode cutoff conditions in the
case where the light is polarized parallel te the #film
layers. An optical waveguide analysis program was
written and used as a tool to design single mode optical
waveguides for the modulator.

To take advantage of the maximum electro-optic

phase chift in GaAs, a coplanar waveguide structure was

-112-
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used for the microwave electrodes. Electrodes with a S0
ohm impedance at the design frequency of 3 GHz were
designed using available programs. The theoretical
bandwidth of the modulator was calculated at 11.95 GH:z
and is 1limited by the walkoff between the microwave
signal and the light propagating through the modulator.
This is higher than any GaAs modulator yet reported.
The electric field was calculated to determine the
required microwave power for full intensity modulation
(2.335 W.

Some preliminary experiments to characterize a
fabrication process for the modulator were carried out.
An initial mask was made using photoreduced
photolithography. A weak acid solution of (3H_P04:
1Hﬂ02: 75H_0) was characterized with an etch rate of

~
L <

170.33 A/min on the Ga As top layer of the

877113
modulator. A dry run of the modulator fabrication
process was also demonstrated on semi-insulating GaAs.
Also, a modulator test fixture was designed, machined,
and is described in an appendi::.

The immediate goal of future work on this project
should be the fabrication and testing of the 1initial
modulator design. The purchasing process to acquire an

improved mask has been initiated to improve the

fabrication quality of this initial design. Also, some
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effort has been made to set up optics for modulator
testing. The optics were set up with the help of a
summer intern a NASA. Coupling of 633 nm light into a
planar (Si-Nitride-Air) waveguide was demonstrated.
Some experiments to characterize the propagation loss
and single mode guidance of the strip—loaded ridge
waveguides would also be useful.

Once the initial modulator is demonstrated, the
most urgent improvement required is to reduce the
microwave drive power. This could possibly be
accomplished by p-n doping of the substrate 1in a way
which will concentrate the microwave field in the region
of the optical waveguides. Optimizing the overlap of
the optical and microwave fields can dramatically
improve the modulator's efficiency. Finally, the 1long
range goal of the project could be to integrate the
laser with a GaAs/GaAlAs heterostructure laser or some

microwave circuitry in a GaRs MMIC.




Appendi: A Froperties of GaAlAs

A.1 Eloctro-cptic Effect

In the design equations for the modulator, the
electro-optic coefficient of GaAlAs is required.
Unfortunately, no data on the electro-optic effect 1in
GahklAs is available in the literature. The
electro-optic effect is primarily a geometrical effect
of the material lattice. A nice property of GaAlAs
(which makes GaAlAs epitanial layers easy to grow) is
that the AlAs lattice is closely matched to the GaAs
lattice [3Z]. Both are cubic lattices with a lattice
spacing of about 35.65A. Therefore, the electro-optic
coefficient for GaAlAs can be approximated by the
electro-optic coefficient of GaAs.

GaAs has the zincblende structure. Its only nonzero

electro-optic coefficients are r,, Src =r - Table 6
summarizes data on the a1 electro-optic coeffient
available in the literature. No data is available for

wavelengths below the absorption edge of GaAs. For a
"worst case" analysis, the coefficient can be taken as
its smallest value:

= .1 3 10
ra1 1 m/V

-115-
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Table 6

wavelength M 41

(um) (m/\/) source
0.88 ~1.5x 1072 | 163
0.90 1.1 x10 2| 0132
1.06 15 x10 2| (371
1.15 1.43 x 10712 | [13]
3.39 124 x10 2| 0133
10.60 151 x 102 | 013
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A.2 Indey of Refraction

In order to design the optical waveguide structures
required for the Mach-Zehnder modulator, it is necessary
to know the index of refraction of the film layers. The
inde» of refraction is a function both of wavelength and
aluminum concentration. The index of refraction is
given by an experimentally determined equation known as

the Sellmier Equation [27].

. B . -

N(wyx) = A+ ——— - D * w
w- - C
where, A= 10.906 - 2.92x
E = 0.97301 -
C = (0.528286 - 0.735:) if o £ 0.35
(0.303IB6 — 0.105:)° if x > 0.36

D = 0.002476(1.41x + 1)
w = wavelength of lignt
x = aluminum mole fraction

This equation was programmed as a subroutine in the
optical waveguide program (see listing of SUBROUTINE
ALTONS in Appendix C). A graph of the index of
refraction as a function of aluminum concentration 1is
shown in figure 42. Over the region of interest, the
inde:: of refraction is monotonic§11y decreasing with

increasing aluminum concentration.
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Appendix E: Derivation of Boundary Conditions

for Optical Wavequides

The standard boundary conditions are,

Ao+ (Hy - H =0
n x (E5 - Ey) =,0
n ° (D, = Dy) = p
n x (Hy = Hy) = J_

B.1. 4-_aver Planar Guide

(B.1.a)

(B.1.b)

(B.1.c)

(B.1.d)

TE mode: H_, H , Ey(x) l

Ma:wells Equations for TE waves are (391,

op x gy = = i,

- X wghy + JFag X hy = ~dwzey
oy Ry = IBR;

1.) Boundary Condition #1:

Ga, x E, = wuH, from

- BE = prx

H, = —2 E,

B
wu
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L 4

(B.Z2.a)

(B.2.b)

(B.2.c)

(B.2.d)

(B.2.e)

(B.2.#)

(B.Z2.b)

(B.3.a)

(B.2.5)
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The first two standard boundary conditions are
conditions on: ~
n.’i=.a_x.}i=H:<
(B.4.a)
nxE=a, xE=E.a; (B.4.b)

Since H 6 and Ey are related by (B.3.c), the first two
standard boundary conditions are the same. (B.1.b) is
chosen as the boundary condition and requires that the

transverse component of E be continuous over the

interftaces.

That is: E = E (B.S)
2.) Boundary Condition #2:

The third standard boundary conditien (B.l.c) is
not useful because the normal component of E (E ) is
zero everywhere. With no free surface current density
on the waveguides, the fou“;h standard boundary

condition degenerates to:

a, x (Hy = H;) =0 (B.6.a)
Hno_ = le (B.6.b)
Equaticn (R.2.a)

can be used to relate Ey and H_.
-~

aobE
k¥

_ = - (BE.7.a)
Jw“dz Vt Ey ay a
dE
HQ = ...1_.- ° "Ti
= Jwu ax

(B.7.b)




The second waveguide boundary condition can

ass

B.2.

diE_ -

dx
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1=
ak

y1

Transverse 3-Layer Planar Guide

™™ mode: E_, H_,

Maxwells Equations for

Yt

3%

1.) Boundary Condition

X

-~

e_'.' - Jﬁa-v #

e = 0

Et = jwee

=1
X Qt = woey
hy = ©

= =3
= e

FaN
- p3da_ x H
e —X

N

dy

pH, = weE a

T™M waves are,

ey = —Jiwehy
#1:
= wegygy

be expressed

(B.8)

l‘x"y

(B.9.a)
(B.92.b)
(B.9.¢c)
(B.9.d)
(B.Z.e)

(B.9. 1)

from (B.9.d)
(B.10.a)

(B.10.b)

The last two standard boundaryv conditions are conditions

on:

n*E=a, °*E-=

- el - EY
n H = a v H =

Al y H H. a

(B.11.a)

(B.11.b)




=122~

Since Hx and Ey are related by (E.10.c), the last two
standard boundary conditions are the same. (B.1.c) is
chosen as the boundary condition. Continuity of D can
be approximated by continuity of E if the change in
index: of refraction across the film boundaries is small.
With no free charge on the boundaries, this requires
that the normal component of E be continuous over the

intertaces.

That is: E - = E (B.12)

2.) Boundary Condition #2:

The first standard boundary condition (E.1.a) is
not useful because the normal component of H (Hy) is
tero everywhere.

The second standard boundary condition (B.1.b) is

on E_ and can be related to Ey by:

iwE, = g xH = d_i‘ﬁ = WE dEV, (B.13.a)
o T 4 ay 1> ay
e - 1, %y (B.13.b)
- Jl;. ay

The second waveguide boundary condition can be expressed

as: dEyZ _ dE,_ (B.14)
ax d
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PENDIX C: WAVEGUIDE ANALYSIS PROGRAN

C».twt&¢¢~~¢naanncua;»»*ﬁ#tt#*ﬁ&w&«»*-m*a»rmw*mw*w*awtw»mmy*m*wtaa»ao§~¢
WAVEGUIDE ANALYSIS PROGRAM
BY D. M. HATERNA 1986

THIS PROGRAHM WAS CREATED ON THE IBHM 370 TIME SHARING SYSTEH
TO ANALYZE A STRIP LOADED RIDGE WAVEGUIDE USING AN
EFFECTIVE INDEX METHOD.

REFEREMCES: S. LIN, "OPTIMIZATION OF OPTIC&ﬁ CHARACTERISTI
TRAVELLING WAVE HODULATORS", MIT THESIS, H.S.
IN ELECTRICAL ENGINEERING, JAN. 1985.

M. J. ADAMS, "AN INTRODUCTION TO OPTICAL
WAVEGUIDES”, JOHN WILEY & SONS, 1981,
CHAPTERS 2 & 6.

SUBROUTINES CALLED

1. CHANGE : GETS THE WAVEGUIDE DIMENSIONS

A. DRAWI™ * DRAWS THE STRIP-LOADED RIDGE WAVEGUIDE

B. ALTON : cALCULATES REFRACTIVE INDEX OF GAALARS LAYERS
2. EIGENY : SOLVES 4-LAYER EIGENVALUE EQUATION FOR BETA

A. ERPLOT : PLOTS ERROR VS. BETA

B. ERROR4 : CALCULATES ERROR FOR A SPECIFIC BETA
3. LFIELD : PLOTS LATERAL FIELD PROFILES

A. XYPLOT : TLOTTING ROUTINE
4, VFIELD : PLOTS THE VERTICAL FIELD PROFILES

A. XYPLOT : PLOTTING ROUTINE
5. CUTPLT : CALCULATES GUIDE LAYER CUTOFF THICKNESS

A. ALTON : CALCULATES REFRACTIVE INDEX OF GAALAS LAYERS
6. NHODES : CALCULATES NUHMBEZR OF HODES SUPPORIED

BY n GUIDE

QQ"00"*.*‘0*"**C**'.‘**#'**l****'**‘*l#******"**l.‘***#**‘*#‘**'t“

VARIRBLE LIST

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

REAL BETM,BETA2,NEFF1,NEFF2,Q0,H1,Q2,Q3
RENAL PHI1,PHIZ2,PSI1,PSI2,G1,G2,GLNT,BETAFF
REAL PI,NAIR,NFILM,NGUIDE,NSUB,HAVLEN

c

c
INTEGER HODE,MVTE1l,NMVTE2,MLTE,FLAG
INTEGER THODES,HVTH1,MVTIZ,MLTH

C

DIMENSION TITLE1(3),TITLE2(3)

12T
<



aa
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c
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DATA YANS/'Y r/

C'Q‘#...Q.*‘D‘"0#"*’**“**‘****‘*.*****G*ﬁ*&*“*‘!****.*#*Q*‘*l'#*"l

LOAND THE WAVEGUIDE PARAMETERS

FLAG: (1 = NEW PARAMETERS, 2 = CHANGE IN PARAMETERS)

R{ = RIDGE WIDTH

RH = RIDGE HEIGHT

FT = UPPER CLADDING THICKNESS BEFORE RIDGE IS ETCHED
GT = GUIDE LAYER THICKNESS

WAVLEN = WAVELENGTH OF LIGHT

NAIR = INDEX OF REFRACTION OF TOP LAYER (AIR)
NFILH = INDEX OF REFRACTION OF UPPER CLADDING
NGUIDE = INDEX OF REFRACTION OF GUIDE LAYEK
NSUB = INDEX OF REFRACTION OF LOWER CALDDING

FLDG = 1
CALL CHANGE(FLAG,RN,RH,FT,GT,NAVLEN,NAIR,NFILH, NGUIDE,NSUB)

C‘.O'O"QQ.‘.D.“#*&Q**'.ﬁ**.****.*****‘ﬁ*****‘*#****'l.'.".“0.'0".0Q

c

c

500

510
c

0
» ARSIN(1.0)
WRITE(43,500) HODE
FORMAT(1X, *FOR VERTICAL HODE NUMBER °,I2)

WRITE(43,510)
FORnAT(lX"::::::::::::::::::::::::::::::’)

C"“CQ“.'*..‘.*'il‘ll*******'Q’**********l'**#"»t“"l’."“*‘Q*Q'&‘*

naaaaaan

505

507

515

1

BEGIN BY SOLVING THE EIGENVALUE EQUATION TO
TO DETERMINE THE PROPAGATION CONSTANT

SOLVE IN THE VERTICAL DIRECTION - FOR BOTH REGIOHS

HRITE (43,505)

FORMAT (1X)

WRITE (43,507)

FORMAT(1X,’===== RIDGE REGION =====')

HWRITE (43,505)

CALL EIGEN4(FT,GT,NAIR,NFILH,NGUIDE,HNSUB,HODE,HAVLEN, BETAZ)
IF(HODE.EQ.-1) GOTO 10

NEFF2 = BETA2 *» WAVLEN / (2+PI)

WRITE(43,505)

FORMAT(1X,’===== QUTER REGION ====='")

WRITE (43,515)

WRITE (43,505)

IF(FT.GT.RH) CALL EIGEN4(FT-RH,GT.NAIR,NFILN,NGUIDE,NSUB,NODE, -
WAVLEN,BETAL) '

IF (FT.LE.RH) CALL EIGEN4(0.,GT+FT-RH,NAIR,NALR,NGUIDE,NSUB,HODE, -




1 WAVLEN,EETN1)

IF(HODES.EQ.-1) GOTO 10

WRITE (43,505)

NEFF1 = BETA1l # WAVLEN / (2#PI) -
c

WRITE(43,520) NEFF1,NEFF2
520 FORMAT(1X, 'NEFF1 = ',F10.5,10X,'NEFF2 = ’,F10.5)
c

00000000 000 0 0 0 20 0 00 00 0 00 0 300 00 00 300 0 000 0000 30 20 0 00 00 0 0 0 200300 30 0000 0 30 00 020 00 306 0 30 0 0 0 20 00 30 0 0 0 00 2 2 0 00 o e

c

c SOLVE IN THE LATERAL DIRECTION
c
IF (NEFF1 .NE. NEFF2) GOTO 15
WRITE (43,505) ..
12 FORMAT (1X, 'EFF INDEX 1 = EFF INDEX 2 -->NO LATERAL GUIDING!:'’
WRITE (43,12)
GOTO 10
15 WRITE (43,505)
210 FORMAT (1X,’===== LATERAL SOLUTION =====')

WRITE (43,210)

WRITE (43,505)

CALL EIGEN4(0.,RU,NEFF1,NEFF1,NEFF2,NEFF1,HODE, NAVLEN, EETAFF)
IF(MODE.EQ.-1) GOTO 10

c
CHEIPHABERIEBIEEERBERBRRBESERSRARRE SRR SR BB RERRRRRS SRR RSBB SRR AR RS S0
c

c PLC™ THE VERTICAL FIFLD INTENITY PROFILES IF DESIRED

c

WRITE (43,505)
215  FORHAT (1X,'SEE THE VERTICAL FIELD PROFILE (Y/N) 2 ')
WRITE (43,21%)
READ (42,220)CHOICE
220 FORHAT (A1)
WRITE (43,505)
IF (CHOICE .NE. YANS) GOTO 20
WRITE (43,505)
225 FORHAT (1X,'==== VERTICAL FIELD (OUTER REGION) =====')
WRITE (43,225)
WRITE (43,505)
CALL VFIELD(BETA1,PI,NSUB,NGUIDE,NFILM,NAIR,WAVLEN,PHI!,PSI1, -
1 G1,GT,FT-RH, 1)
WRITE (43,505)
230 FORMAT(1X,'==== VERTICAL FIELD (RIDGE REGION) =====')
HRITE (43,230)
WRITE (43,505)
CALL VFIELD(BETA2,PI,NSUB,NGUIDE,NFILM,NAIR,HAVLEN,PHIZ,PSIZ, -
1 G2,GT,F7,2)

c
COervesttrtsstantsdsntisnstait ettt ibsds sntissssthitsssssrtitstesrssrsarss
c

C PLOT THE LATERAL FIELD INTENSITY PROFILE IF DESIRED

o

20 WRITE (43,505)

225  FORMAT(1X,'SEE THE LATERAL FIZLD PROFILE (Y/N) 2 ')
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WRITE (43,235)
READ (42,220) CHOICE
WRITE (43,505)
IF (CHOICE .NE. YANS) GOTO 25
WRITE (43,505)
240 FORMAT(1X,'==== LATERAL FIELD =====")
WRITE (43,240)
WRITE (43,505)
CALL LFIELD(BETAFF,PI,NEFF1,NEFF2,AVLEN, GLAT,RN)
c
C0 000000 00 000 000 000 0000 00 000 000 0 A 0000000000 e
C
C PLOT CUTOFF THICKNESS VS. %AL IF DESIRED
c .
25 WRITE (43,505)
WRITE (43,242)
242  FORMAT(1X,'CALCULATE VERTICAL 3-LAYER CUTOFFS (Y/N) 2 ')
READ(42,220) CHOICE
IF (CHOICE .NE. YANS) GOTO 30
IF (RH .LT. FT) GOTO 28

c
DATA TITLE1/’OUTE’,'R RE’,"GION’/
DATA TITLE2/"INNE’,'R RE’,'GION'/
c
CALL TITLE3(2,12,22,TITLE1,0.,1.,0.)
CALL CUTPLT(NAIR,NGUIDE,NSUB,HAVLEN)
caLL TITLE3(2,12,22,TITLEZ2,0.,1.,0.)
28 CALL CUTPLT (NFILM,NGUIDE,NSUB,HAVLEN)
Cc

Ct"v"l“.&"‘.*I*"**##***I*t*.**"##’******'*l*#**t.**.‘*".".0.l*.b*

C

o CALCULATE THE NUMBER OF PROPAGATING HODES

C USING 3-LAYER APPROXIHATION

c

30 MVTE1 = NHODES(NFILH,NGUIDE,NSUB,*T-RH,WAVLEN,PI,0)
HVTH1 = NHMODES(NFILH,NGUIDE,NSUB,FT-RH,WAVLEN,PI,1)
HVTE2 = NHMODES(NFILH,NGUIDE,NSUE,FT,WAVLEN,PI,0)
MVTH2 = NHMODES(NFILH,NGUIDE,NSUB,FT,WAVLEN,PI,1)
MLTE = NMODES(NEFF1,NEFF2,NEFF1,RN,UAVLEN,PI,0)

MLTH = NMODES(NEFF1,NEFF2,NEFF1,RN,WAVLEN,PI,1)

RIMAX = NMODES(NEFF1,NEFF2,NEFF1,0.,UAVLEN,PI,2) / 10000.
C
COrHestsssitsssusts b asiinbmiheheusiet sbiperssstssimrmertsstrssssssnnssss
C
c SUMARRIZE THE RESULTS OF THE PRESENT CONFIGURATION
Cc

HWRITE (43,505)

245  FORMAT (1X,’SUMHARY OF RESULTS:’)

WRITE(43,245)
246  FORMAT(1X,'==--==-—-======---- ")

WRITE (43,246)

WRITE (43,50%5)
100 FORMAT (13,°'TE NUMBER OF HNODES
102  FORMAT (1X,’TH NUMBER OF HODES

',12)
',12)
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104 FORMAT (1X,'TOTAL NUMBER OF HODES = ',I2)

105 FORMAT (1X,’PROPAGATION CONST = ’,F20.10)

106  FORMAT (1X,'2ND HODE @ RM = ’,F10.5,’ HICRONS®)

110 FORMAT (1X,’EFFECTIVE INDEX = ’,F10.5)

250 FORMAT (1X,"OUTER REGION (VERTICAL HODE) :')
WRITE (43,250)

WRITE (43,505)
WRITE (43,100) MVTE1
WRITE (43,102) HVTH1
WRITE (43,105) BETAl
WRITE (43,110) NEFF1
WRITE (43,505)

255  FORMAT (1X,'RIDGE REGION (VERTICAL MODE) :')

WRITE (43,255) .
WRITE (43,505)
WRITE (43,100) HMVTE2
WRITE (43,102) MVTHZ
WRITE (43,105) BETA2
WRITE (43,110) NEFF2
WRITE (43,505)

260  FORMAT (1X,’LATERAL GUIDING : ')

WRITE (43,260)
WRITE(43,505)

WRITE (43,100) HLTE
WRITE (43,102) HLTH
WRITE (43,105) BETACF
THODES = (MLTE * HIivv(HMVTE1l,MVTE2)) + (MLTH * HINO(HVTHI1,HVTH2))
WRITE (43,505)

265 FORMAT (1X,’FOR THE TOTAL GUIDE : ')

WRITE (43,265)
WRITE(43,505)

WRITE (43,104) THODES

WRITE (43,105) BETAFF

WRITE (43,106) RHMAX

C

C'.‘*O.‘l‘O.*0‘*’**!#*‘***l‘l*****'********’**#’**Q#****’*#“*‘****#*‘#*

Cc
WRITE (43,505)

270  FORMAT (1X,’CHANGE PARAMETERS (Y) OR QUIT (N) 2 *)

WRITE (43,270)
READ (42,220) CHOICE
IF (CHOICE .EQ. YANS) GOTO 10

Cc

C PRESENTLY ANALYZES ONLY 1 HODE

C

C TERMINATE GRAPHICS TASK (CLEAN UP)
CALL TERN

C
STOP
END

~
-

Cressasnts e paab e at s ORimed e dddesdnhedssdnennenednnnhesessnessrs
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C"O“I00"'!.‘O"b.".‘***..'l..“*&".‘O&"*Q'.Q*O.**b&#***'*ﬁ..t‘*#.

THIS SUBROUTINE IS USED TO INPUT THE WAVEGUIDE

PARAMETERS AT THE START OF THE PROGRAN &
CHANGE THEN FOR OTHER SOLUTIONS

DRANIT:

ALTON:

PARMIETERS @

V(1)
v(2)
V()
v4)
V(5)
V(6)
V(7)
v(8)
V(9)
v(2)
v(az)
v(1i4d)

SUBROUTINES CALLED ¢

DRANS THE OPTICAL HWAVEGUIDE

WITH PARAMETERS LABELLED

CALCULATES INDEX OF REFRACTION FOR

3’3’3’3’53’
XYoo Ww =
? Wi

yANS
ZAL

onon
5L

%nAL IN GAALAS LAYERS .

RIDGE WIDTH

RIDGE HEIGHT

UPPER CLADDING LAYER THICKNESS

GUIDE LAYER THICKNESS

WAVELENGTH

1 = INDEX OF REFRACTION OF AIR

IN UPPER CLADDING LAYER

IN GUIDE LAYER

IN LOWER CLADDING LAYER

INDEX OF" REFRAC IN LOWER CLADDING LAYER
INDEX OF REFRAC IN GUIDE LAYER

INDEX OF REFRAC IN LOWER CLADDING LAYER

00'0".Ql.**‘.*‘*‘***‘**“****!********‘l*****‘***l#***l'*’.***#l'.‘#l'

SUBROUTINE CHANGE(FLAG,A1,A2,A3,74,A5,A6,A7,A8,R9)

DIMZNSION M(15,9)

C
REAL V(15)
INTEGER FLAG,CH

c

Cc

c

Cc

c

C
V(1) = Al
V(2) = A2
V{3) = A3
V(4) = A4
V(5) = AS
V(6) = R6
V(12) = A7
V(13) = A8
v(14) = A9

0’0."'QC..&l**..“*’l'*b****‘**“!*.*‘#***.*‘0‘*‘**‘***..‘.‘.*#'0*§*00

LOAD VALUES INTO AN ARRAY FOR EASY HMANIPULATION
THE ARRAY SUBSCRIPTS CORRESPOND TO MENU NUMBERS
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c.."'Q.Q'.‘000‘...‘**.‘.Q.‘l‘..“"*.*‘.’!“‘.***.’0”*0'0**‘*'“'*‘"‘.

c
C DRAW THE WAVEGUIDE CONFIGURATION ON THE SCREEN
C
5 CALL DRANIT
c
WRITE (43,75)
c
Ct.'t“t'&t'*.ll!“l**tt*t#*#!*!ll#**t*#*#**l***#*!l*.***!*ﬁ****&#**‘*#*
c
c READ SCREEN MESSAGES FROH A FILE
c DEVICE 98 = DATA.HENU
c
RENIND 98 .
10 FORMAT (SA4) :
DO 30 I = 1,14
READ (98,10) (H(I,J) ,d=1,9)
30 CONTINUE
c
C!Q.QQQQQDQQQQQQQQ*Q&‘Qt&bQ&*!FQ&QQ!!!#QQQQ&#Q&!!*&*&&&#*'*l*‘l****.’*.'
c
c RESCALE FROH METERS TO HICRONS
c
SCALE = 1000000
c
poso I = 1,5
V(I) = V(I) * SCALE
50 CONTINUE
C
75 FORMAT (1X)
C

CoOrossnsae s Sasestibdmmmimuinmambsseemlisaleltemarlstinerrebisssnbsrssins
C
GOTO (100,200), FLAG

FLAG
FLAG

1 INDICATES INITIAL READING OF VALUES
2 INDICATES CHANGING A VALUE

CRNGERESHRREE NN T HAR SR RBENR SRR RS GRS RS TR P E SR ER PR R B ERS R AR R SE SRR R

READ IN ALL VALUES FOR STARTING CONFIGURATION

OOO0aOaaa0aanaan

o
(o

FLAG = 2

Do 110 I = 1,9
WRITE (43,10) ((1,d) , J=1,9)
RERD (97,105)V(I)

105 FORMAT (G11.5)

110 CONTINUE

c
c CONVERT FRONM %AL TO REFRACTIVE INDEX
po 150 I = 7,9
V(I+5) = ALTON (V(I),V(5))

150 CONTINUE



c
C'lb't"tt“b..t'#!l*‘*'*#*t0!‘i#&’*&'!&**t000‘00‘!#!‘*#‘.&#*‘»#"t!!t’
C
c GIVE OPTION TO CHANGE SINGLE VALUES —
c
200 DO 2101 =1,6

WRITE (43,205) I,(M(I,J),d=1,8), V(I)

205 FORMAT (1X,I2,'. ',8A4,G11.5)
210  CONTINUE
o

po220I =17,9
WRITE (43,225) I,(h(I,J),J=1.8),V(I),(H(I+5,J),J=1,3),V(I+5)

225 FORMAT (1X,I2,'. ',8A4,G11.5,3R4,G11.5)
220  CONTINUE .
C

I =10

WRITE (43,205) I1,(H1¢10,Jy,J=1,8),V(10)

SELECT OPTIOH BY ENTERING 01 TO 10

ana

WRITE(43,75)
WRITE (43,250)
250 FORMAT(1X, 'PARAHMETER T0O CHANGE (01-10) 2 ")
READ (42,255)CH
255  FORMAT (I2)
IF (CH.EQ.10) GO™" 500
WRITE (43,75)
WRITE (43,10) (M(CH,J), J=1,9)
REXD (43,105) V(CH)
WRITE (43,75)
IF ((CH.LT.10).AND.(CH.GT.6)) V(CH+5) = ALTON(V(CH),V(5))
GOTO 200
C :
c-»¢n-~.ma&t.tam*»t:*****:*.»**:&*vm**;&a:*»o»w&*&*tw:*qa::*tttt#mv.»«&a

c

c CHECK THAT N1>N2>=NO>N3
c FOR VALID OPTICAL WAVEGUIDING
c

500 IF ( V(6) .GT. V(13) ) GOTO 550

IF ( V(12).GT. V(13) ) GOTO 550

IF ( V(14).GT. V(13) ) GOTC 550

GOTO 600
550  HWRITE (43,75)

WRITE (43,560)

WRITE (43,75)

GOTO 200
560 FORMAT (1X,'we** N1 HMUST BE HIGHEST INDEX!!: #=e’)
c co
COQQ..Q‘00000.'0“0i'!‘l."‘lbt‘l..tt‘0'.‘t‘QQQ‘QO00"00"000“"!.'!!0l
c
C RESCALE FROH HICRONS TO METERS
c
600 po 610 I = 1,5

V(I) = V(I) / SCALE




610
c

c

c
c

c

CONTINUE

c..00§§¢‘..01..0.’*"‘.**"*‘0“#'!b.*#****'*‘l“’*&.#.Q.Q‘*"*O*.*‘*.‘

RELOAD VALUES INTO PARAMETERS FOR PASSING TO MAIN PROGRAN

Al = V(1)
A2 = V(2)
A3 = V(3)
A4 = V(4)
As = V(5)
pe = V(6)
A7 = V(12)
A8 = V(13)
A9 = V(14)
RETURN

END

c.‘000"“'-“‘C...'Q'0‘*'.‘l#.‘0#.#*.'**'O.'.*’O***"‘#‘#O"'*’.!.l*"'

c!*!***%*****************!********%*****************!***%*****#*!**ﬁ!**

(eXelelelg)

C‘**********************

(¢

O an=~Qa0
uo

THIS SUBROUTINE DRAWS THE WAVEGUIDE PICTURE
FOR THE USER TO REFERENCE ON VARIABLE ENTRY

SUBROUTINE DRAWIT

INTEGER I,J
DIMEMSION A(14,12)

FORMAT (12A4%)
FORMAT (1X,12R4)

REWIND 99

DO 100 I =
PEAD (99,10
WRITE (43,2
CCHTINUE

RETURN
END

WN s

3656 36 36 36 3696 3 36 3 36 36 I 36 I I 36 36 36 36 3 36 3 I I I I I I I JE I3 36 36 3 3 3 H I H M M 4 3¢

C
c8&#K#¥!l*!!*%********!*!!!*l***!!*****%**!&**********%****YlQ***(****l
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CHosersssessssansstsrt sttt s tssttsstutssbtt it s artbstssssrientsssennysy
g CONVERSION FROM #AL TO REFRACTIVE INDEX
g‘tt&*“.d0‘0.Q'0.‘t‘Q#.OOC‘Q!#'*‘.‘#Q'&.*Q&Q:;0*#”"‘*'Qt&!'*&**l*’*;
¢ FUNCTION ALTON (XAL,HNAVLEN)

c
XAL = XAL / 100.
C
A = 10.906 - (2.92 * XAL )
B = 0.97501
IF (XAL.GE.(0.36)) C = (0.30386 - 0.105*XRAL)%*»2
IF (XAL.LT.(0.36)) C = (0.52886 - 0.735+XAL)**2
D = 0.002467 *» (1.41#XAL + 1)
c
TEMP = B / (UAVLEN+#2 - C)
ALTCH = SQRT( A + TEMP - (D * WAVLEN«*2) )
c
XAL = XAL * 100.
c
RETURN
END
c

Ce .*0’.0"‘QQOQQ..l***'*'#‘**#*Q****.#*"*‘ﬁ.*'****. 00 0 2 0 A A e A
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CO.Q.‘QQO.'O#D.Cl‘&'.“"##**"O‘*‘!."Q!'*‘**!'*‘*‘.*Q***'*'**"**"Q'

THIS SUEROUTINE SOLVES THE EIGENVALUE EQUATION FOR
A 4-LAYER PLANAR HAVEGUIDE

SUBROUTINES CALLED :
1. ERPLOT : PLOTS THE ERROR IN THE EIGEN VALUE EQUATION
VS. BETA TO FOR USER TO INSURE ONE ZERO
2. ERROR4 : RETURNS ERROR FOR A GIVEN BETA

Q...‘Q‘.‘.&l'.O#‘.“*li*#"******.**#****“‘*&**#‘#Q*l*O*&**.*##**#*Q*

naoaaannaaaaaaan

SUBROUTINE EIGEN4(FT,GT,N3,N2,N1,N0,HODE,NAVLEY, BETAT)

A o 5 0 o A A0 000 0 O 0 A0 A 0300 20 0 0 0 A O T 0 o o O 0 R O O

VABIABLE LIST

anaoaaaaan

REAL FT,GT,NO,N1,N2,N3,PI,BETAT

REAL *8 ERRLO,ERRHI,ERR,OLDZRR,FINERR
REAL *»8 BETAF,BETA,BETAHI,BEZTALO
INTEGER NODE

PI

= 4+ATAN(1.0)
BETA =

BETAT
c

WRITE (43,1111) PI
1111 FORMAT (1X,'PI =',G20.16)
Coresssnmattmsddmmhihmimidembihimibrriaeehprensbbisslrnbneestssssss
c
c USE BISECTION TECHNIQUE TO SOLVE FOR PROPAGATION CONST
C
C
BETAHI= 2+PI» N1/HAVLEN - 1.
IF (N2 .GT. NO) BETALO = 2*PI*N2/WAVLEN + 2.
IF (N2 .LE. NO) BETALO = 2*PI*NO/WNAVLEN + 2.
WRITE(43,5) BETAHI,EETALO
S FORMAT(1Y, 'HIGH BETA = ’,F25.15,5X,'LON BETA = ',F25.15)

HWRITE(43,505)
WRITE(43,503)
503  FORHMAT (1¥,'SEE ERROR FUNCTION (Y/N) 2 ')
RERD (42,504) QUES
504  FORMAT (A1)
DATA Y/'Y '/
IF(QUES .EQ. Y) CALL ERPLOT(BETALO,BETAHI,FT,GT,NO,N1,N2,N3,HODE, -
1 PI,HNAVLEN)
C
c
Coserensssrsrtinas bttt svitebbsstteetitstsnttanitisstbatsssrsnitsssssssses
c
c CALCULATE ERRORS DUE TO HIGH AND LOW LIMITING VALUES
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C OF THE PROPAGATION CONSTANT

ERRHI = ERROR4(BETAHI,FT,GT,N0,N1,N2,N3,HODZ,PI,HAVLEN)
ERRLO = ERROR4(BETALO,FT,GT,NO,N1,N2,N3,HODE,PI,HAVLEN)
WRITE(43,10) ERRHI,ERRLO
10 FORMAT(1X,'LOW ERROR = ',F25.15,5X, "HIGH ERROR = ',F25.15)
IF (ERRHI.LT.ERRLO) GOTO 100
WRITE (43,505)
505  FORMAT (1X)
510 FORMAT(’##»#» NO VALID SOLUTION IN THIS DIRECTION waraw’)
WRITE (43,510)
WRITE (43,505)
HODE = -1
GOTO 200 .
c .
COoseeneensesmamanssndsmms s hm i i inme s esdhndn s

c

Cc SOLVE FOR BETA BY BISECTION OF THE ERROR IN THE TRANCENDENTAL
c EIGENVALUE EQN. STOP WHEN ERROR4 < 0.000001
c

100 BETA = (BETAHI+BITALO)/2
OLDERR = ERR
ERR = ERROR4(BETA,FT.GT,HN0,N1,N2,N3,HODE,PI,HAVLEN)

IF (.00000000001 .LT. DABS(OLDERR-ERR)) GOTO 110

IHI = IDINT(BETALi - BETALO) + 1
FINERR = 1.0
DO 250 J = 1,IHI
I=Jd-1
WRITE (43,241) 1
241  FORMAT (1X,I3)
BETA = BETALO + I
ERR = ERROR4(BETA,FT,GT,NO,N1,N2,N3,HODE,PI,NAVLEN)
IF (FINERR .LT. DABS(ERR) ) GCTO 240
FINERR = DABS(ERR)

BETAF = BETA

240 WRITE (43,245, BETA, ERR
245 FORMAT (1X,'BETA = ',625.15,'ERR = ',G25.15)
250  CONTINUE
c

ERR = FINERR

BETA = BETAF

IF (.000001 .GT. ERR) GOTO 150
c

COeeeernesstssatstseshsstns it dstsibt sttt ssbeniisiresitnitnssesssrnton
c
500 ERR = DABS( DMIN1( DABS(ERRHI),DABS(ERRLO) ))
WRITE (43,505)
WRITE (43,520)
520 FORMAT(1X, 'e#eses [ARNING #esss’)
WRITE (43,505)
WRITE(43,20) ERR
20 FORMAT (13, "EIGENVALUE ERROR IN SOLUTION = *,F25.15)




HRITE (43,505)
GOTC 150
C
110 IF ( ERR .LT. 0.0) GOTO 115 -
FETALO = BETA

FRRLO = ERR
GOTO 120
115 BETAHI = BETA
ERRHI = ERR
120  COHNTINUE

Cc
R e e e S e R e L R a LA b S St a s
c
c PRINT RESULTS ON SCREEN \
c
WRITE(43,25) ERRHI,ERRLO

FORMAT(1X,'LOY ERROR = ',F25.15,5X, "HIGH ERROR ', F25.15)

1]

an
(2}

IF (0.000001 .LE. DARBS(ERR)) GOTO 100

ENTYTr /747 IAY DD NreTR
WOALIL\O,OV )/ LN, DLLIA

FORMAT (13, *FINAL ERR = ',F25.15,5X, 'FINAL BETA

o
[+

',F25.15)

Qa0 WK

200 BETAT = BETA
RETURN
ERD

c.0‘00“"".0“*'*#**‘***'*l*‘l**‘*'***.‘#’.**.*#*#&‘QOQOC.'0.‘000
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c

C THIS SUBROUTINE WILL GIVE A QUICK PLOT OF BETA VS. ERROR
c AND ACEPT NEW END POINTS FOR BISECTION
Cc

CRe o0 00000000000 00000 0 0
c
SUBROUTINE ERPLOT(BETALO,BETAHI,FT,GT,NO,N1,N2,N3,HODE,PI,NAVLEN)

c
REAL ERROR(101),X(101),BETA(101)
INTEGER PLEFT,PRIGHT
c
DATA Y/'Y '/
c .
) SCALE = (BETAHI - BETALO) / 100

BETA(1) = BETALO
ERROR(1) = ERROR4(BETALO,FT,GT,No,N1,N2,N3,HODE,PI,HAVLEN)
po10I =2, 101
BETA(I) = BETA(I-1) + SCALE
ERROR(I) = ERROR4(BETA(I),FT,GT,NO,N1,N2,N3,HODE,PI,HAVLEN)
10 CONTINUE

c
CALL XYPLOT(EETALO,DETALO,BETALO,1,1.,101,X,ERROR)
CALL XHAIRS(1)
CALL GRCPF(0.,0.,0.,'0’,0,XC,¥C,ZC)
CALL UPLOT(100.,0.,0.,'U’,"’A’,0,'Y",15)
CALL DISPLA(1)
c

100  FORMAT(1X,’LEFT X-POINT (000-100) : ')
105  FORMAT(1X, "RIGHT X-POINT (000-100): ')
110 FORMAT (1X)
115 FORMAT(I3)

200 WRITE (43,110)
WRITE (43,100)
READ (42,115) PLEFT
WRITE (43,105)
REND (42,115) PRIGIHT

Cc

BETALO = BETA(PLEFT+1)

BETAHI = BETA(PRIGHI+1)
c

IF ( (BETAHI - BETALO) .LT. 100) GOTO 1000
cC

WRITE (43,300)

300  FORMAT (1X,’EXPAND SCALE (Y/N) 2 ")
READ (42,310) QUES

310  FORMAT (A1)
IF (QUES .EQ. Y) GOTO S

C

1000 RETURN
END

c

C‘.‘CQO'.OQ0.0*Q'O‘O."QO..Q‘*Q.Q‘O*00.Q*"O0“‘..'"“."‘0"."‘..‘0.
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Cc
REAL FUNCTION ERROR4 »8(BETA,FT,GT,NO,N1,N2,N3,H,PI,HAVLEN)

FUNCTION WHICH RETURNS THE SIGNED ERROR IN THE EIGENVALUE
EQUATION DUE TO THE GIVEN BETA

QQQ‘Qll...."“#*‘**‘**Q****ll“*&#*!*’.‘#'*ﬁ“***“#“.‘.*’##*‘#.*..l

aaaaaan

REAL NO,I1,N2,N3,PI
REAL *8 Q0,H1,Q2,Q3,X,BETA, AHTAN

aQa

H1=( (2¢PI*N1/HAVLEN)#»»2 -BETA##2 )#*0.5 N
Q3=( BETA¢#2 - (2%PI*N3/WAVLEN)#*#*2 )#*%0.5
Q0=( BETA##2 - (2#PI+NO/WAVLEN)#*2 )*»0.5
Q2=( BETA¢*2 -(2+PI+#N2/UAVLEN)##2 )*»0.5
IF (FT .LE. 0.0) GOTO 50

4 LAYER SOLUTION

aaa

X=Q2/Q3
IF ( DABS(X) .'T. 1.0 ) GOTO 10
20 FORMAT (1X, "»e%es INVALID ARCTANH !!!! wes»e’)
WRITE (43,20)
10 AHTAN=0.5+"1.0G( (1+X)/(1-X) )
X=DATAN( QZ, (H1*DTANH(Q2+FT+AHTAN)) )

GOTO 100
c
c 3 LAYER SOLUTTNN
c
50 X = DATAN (QZ.'H1)
c
100 ERROR4=H1#GT - H+PI - DATAN(QO/H1) - X
C
RETURN
END

c

C..‘C.C'..O0‘0*‘..ﬁ'#'*"*!.l.Q...#QQIQ"Q"'Q"“‘..**“**"‘..#lb.
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c

!

SUBROUTINE LFIELD(BETA,PI,NEFFI,NEFFZ,NRVLEN,G,RN)

c
Cc THIS SUBROUTINE CALCULATES THE LATERAL FIELD QUANTITIES
C .
C'Ott!.t'Ol"nl‘ti#"‘l'lll'*'#*tt*t'****.*li*l'!*"‘!&**.l‘*t'.#'tltd
c
REAL X(1501),Y(1501),EFIELD(7SO).NEFF1,NEFF2
INTEGER IVARS(9)
DIMENSION YTITLE(3),XTITLE(7),PTITLE(6)
c
SCALE = 50000000
V = PI*RH¢ SQRT( NEFF2e»2 - NEFF1%*2 ) /WAVLEN
H1=SQRT( (2*PI$NEFF2/NAVLEN)#*#2Z - BETA#*»2) *
QO=SQRT( BETA#»2 =~ (2#PI#NEFF1/HAVLEN) #*2)
G = COS(H1#*RW/2)/EXP(-Q0*#RN/2)
c
I1 = INT((RH#SCALE/2) +.5)
12 = INT( (RU*SCALE*2) + .5)
IF (I2 .GT. 750) I2 = 750
I3=12+1
c
po 100 I =1, I2
IF (I .LE. I1) EFIELD(I) = COS (H1*I/SCALE)
IF (I .GT. I1) EFIELD(I) = G * EXP(-Q0*I/SCALE)
EFIELD(I) = EFIELD(I)%»2
X(I) = I = .02
100 CONTINUE
c

DO 160 I = 1,12
Y(I) = EFIELD ( I3 - I)
160  CONTINUE

Y(I3) = 1.
po 170 I = 1,12

Y(I+I3) = EFIELD(I)
170  CONTINUE

c

X1 = I1 = .02

CALL GVIEN(1)

CALL XYPLOT (X1,-%X1,X1,13,0.02,12+I3,X,Y)
c

DATA YTITLE /'INTE',’NSIT’,’Y r/
DATA XTITLE /'LATE’,'RAL',’ pIn’,'ENSI’,'ON (’,'HICR’,’ONS)'/
DATA PTITLE /'LATE’,'RAL ', FIE','LD P’,’ROFI',"LE '/
c
CALL TITLE3 (4,28,14,XTITLE,0.,1.,0.)
CALL TITLE3 (3,9,14,YTITLE,-1.,0.,0.)
CALL TITLE3 (2,22,22,PTITLE,0.,1.,0.)

CALL DISPLA(1)
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COQ.&Q‘&Q.ttQ0000‘*.'00‘00““00»‘....‘*.#&t‘*rct.aw0.0*.*.00‘*'&&*.#‘
g THIS SUBROUTINE WILL DO X-Y PLOTS FOR THE HODAL FIELD DISTRIBUTIOﬂS
‘ SUBROUTINE XYPLOT_(XPl,XPZ.XP3,ﬂ,S,N,X,Y)
EOQQtQCQQ010.'0'****‘*&&0*#!###&#'l.****li!l!#v##*tﬁ&&ml‘&#l&**'*l**'*t
y REAL X(N),Y(N),Z(1510)

INTEGER IVARS(9)

C
c
IVARS (1) = 9
IVARS (2) = N .
IVARS (3) = 0
IVARS (4) =1
IVARS (5) = 0
IVARS (6) = 1
IVARS (7) = 15
IVARS (8) = 0
IVARS (9) = N
c
DO1S0 I =1, N
X(I) = (1 - 1) +S
150 CONTINUE
c
CALL GVIEH(1)
CALL GPLOT3(IVARS,X,Y,Z)
c
C .
CALL GRCPF (XP1,0.,0.,°V’,0,XC,¥C,ZC)
CALL UPLOT (XP1,1.,0.,°U’,"A’,0,°Y",15)
C
CALL GRCPF (XP2,0.,0.,'U’,0,XC,¥C,ZC)
CALL UPLOT (XP2,1.,0.,°U’,"A’,0,"’,15)
c
CALL GRCPF (XP3,0.,0.,°U’,0,XC,YC,ZC)
CALL UPLOT (XP3,1.,0.,°U’,"A’,0,°Y",15)
c
c
RETURN
END

:00‘0.“0‘Ol‘i.lb&l.ﬁ‘O“.’*‘***‘*‘l.**'*..‘.*ﬂ“*"'.*‘.'*.’.*‘l"
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CQO.'QQ..‘.O"#.“"'**.’**ﬂﬂll*#ll*l*n!l&#***'.**.'#"..‘l‘*****“l‘i

o
SUBROUTINE VFIELD(BETA,PI,NO,N1,N2,N3,WAVLEN, PHI,PSI,G,GT,FT,Q1)
THIS SUBROUTINE CALCULNTES THE VERTICAL FIELD QUANTITIES

‘.ttt“‘Q'O“‘Q‘.‘.“'*‘*"*l**'#"l‘.b**‘&'*****#'.‘.*‘*“***“'l**i

naonaan

INTEGER LIMLO,LIMHI,FT1,FT2,Q1
REAL NO,N1,N2,N3,EFIELD(500),X1(500)
DIHENSION XTITLE(7),YTITLE(3),PTITLE(6),TITLE1(4),TITLE2(4)

SCALE = 50000000

H1=SQRT( (2¢PI#N1/MAVLEN)##2 - BETR##2)
Q3=SQRT( BETA##2 - (2+*PI*N3/WAVLEN)**2)
Q2=SORT( BETA®#2 - (2#PI#N2/WAVLEN)*»2)
QO=SQRT( BETA##2 - (2+PI*NO/HAVLEN)®#2)
PHI=ATAN(QO/H1)

X=Q2/Q3 ,
PSI=0.5¢ALOG( (1+X)/(1-X) )

G=COS(H1+GT - PHI) /SINH(Q2#FT + PSI)
LIMLO= 1

LIMI= INT( (FT+GT)*SCALE) + 50 + 51

FT1
FI2

INT( FT » SCALE + .S5)
INT( (FT + GT) # SCALE + .5 )

{11}

DO 100 J = LIMLO,LIMHI
I=4J-51
IF (I.LT. 0) EFIELD(J)= G*SINH(PSI)*EXP(Q3#I/SCALE)
IF ((I.GE.0).AND.(I.LT.FT1))EFIELD(J)=G+SINH(Q2+I/SCALE + PSI)
IF (.NOT.( (I.GE.FT1).AND.(I.LT.FT2))) GOTO 50
X = H1#(I/SCALE - FT - GT)
EFIELD(J) = COS(X + PHI)
GOTO 55
50 IF (I .LT. FT2) GOTO 55
X = Q0 » (GT + FT - I/SCALE)
EFIELD(J) = COS(PHI) # EXP(X)
55 EFIELD(J) = EFIELD(J)*#2

100 CONTINUE

F1 = FT1 » .02
F2 = FT2 » .02
CALL XYPLOT (0.,F1,F2,51,0.02,LIMHI,X1,EFIELD)

c
DATA YTITLE/'INTE',’NSIT’,’Y r/
. DATA XTITLE/'VERT’,'ICAL’,’ DIN’,’ENSI’,’ON (’,'HICR’,’ONS)'/
DATA PTITLE/'VERT’,'ICAL',’ FIE','LD P',’ROFI’,'LE '/
DATA TITLEZ2/' *,’RIDG','E RE',"GION'/
DATA TITLEL/' *,’OUTE’,"R RE'’, "GION'/
c
CALL TITLE3 (3,9,14,YTITLE,-1.,0.,0.)
CALL TIILE3 (4,28,14,XTITLE,0.,1.,0.)
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CALL TITLE3 (2,22,22,PTITLE,0.,1.,0.)
IF (Q1 .EQ. 1) CALL TITLE3(1,16,22,TITLE1,0.,1.,0.)
IF (Q1 .EQ. 2) CALL TITLE3(1,16,22,TITLE2,0.,1.,0.)

c

(o!
CALL DISPLA(1)
RETURN
END

Coes4 0000400050000 RN RN A0 0 30 200 30 06 20 0 0 0 00 A A 0 00 20 0 306 0 00 300 0 0 200 0 0 e
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c

C THIS SUBROUTINE WILL PLOT T_CUTOFF VS. %AL (GUIDE LAYER)

c FOR BOTH TE AND TH HNODES
C

SUBROUTINE CUTPLT(NL,NC,NR,HAV)
C
o 0000000000000 0O R OB 00
Cc
c #» NOTE: N1 >N2 > NO
c
REAL NL,NR,NC,HNO0,N1,N2
REAL X(84),TC(84),Z2(84)
INTEGER IVARS(9) .
DIMENSION XTITLE(S),YTITLE(7)

c
WAVLEN = WAV * 1000000
NO = AMINI1(NL,NR)
N2 = AMAX1(NL,NR)

c
PI = 2 » ARSIN(1.0)
K =2 » PI 7/ WAVLEN
XC = 0.0
I=1

c
DOS J =1,84

TC(J) = 0.0
1) CONTINUE
c

10 N1 = ALTON(XC,HAVLEN)
IF (N1 .LE. N2) GOTO 20

SQ1 = SQRT(N1##2 - N2#»2)
SQ2 = SQRT(N2#»2 - NO=*2) / SQ1
SQ3 = ( (N1/NO)*»2 ) = SQ2
SQ4 = K » sQl
c
TC(I) = ATAN(SQZ) / SQ4
TC(I+21) = (PI + ATAN(SQ2) ) / SQ4
TC(I+42) = ATAN(SQ3) / SQ4
TC(I+63) = (PI + ATAN(SQ3) ) /sS4
C
C
XC = XC + 1
I =1 +1
GOTO 10
c
c
20 po 22 J =1,84

IF (IC(J) .GT. 10.) TC(J)
2 CONTINUE

N
[}
o
.

PLOT THE CUTOFF CURVES

aaaa
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25 Do 30 J = 1,21

X(J)y =dJ -1
X(J+21) = J -1
X(J+42) = dJ -1
X(J+63) =dJ -1
30 CONTINUE
Cc
DATA IVARS/9,84,0,1,0,1,15,0,21/
lc
ALL GVIEHN(1)
CALL GPLOT3(IVARS,X,TC,Z)
c

DATA XTITLE/'%AL ',’IN G’,'UIDE’,’ LAY',"ER '/
DATA YTITLE/'CUTO’,’FF T','HICK’,°NESS’,’ (MI','CROY’,’'S) '/
c

CALL TITLE3(3,26,14,YTITLE,-1.,0.,0.)

CALL TITLE3(4,18,14,XTITLE,0.,1.,0.) -

Cc
C
CALL DISPLA(1)
c
1000 RETURN
END
c

COQQC“OC&i.l*&'*0“***‘****'!!***’***0‘*‘*'***.**‘.*’*"***'ﬁ*“#*&l..l'
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c

THIS SUBROUTIHE CALCULATES THE NUMBER OF MODES
SUPPORTED IN EITHER TE OR TH HODE
USING A 3-LAYER APPROXIMATION

O 00 0 0 0O 00 00 0 T 3 0 0 0 30 0 30 0 0 0 30 o 0 0 0 A A 0 O 0 300 3 06 e 0 O

FUNCTION NMODES ( NL,N1,NR,T,HAVLEN,PI,FLAG)

REAL NL,NR,NO,N1,N2,T,WAVLEN,PI,K
INTEGER FLAG

NO = AHIN1(NL,NR) . .
N2 = AMAX1(NL,NR)
SQ1 = SQRT(N1®»2 - N2«»2)

SQ2 = SQRT(li2+#2 - NO##+2) / SQ1
IF (FLAG .EQ. 1) SQ2 = SQ2 * ( (N1/NO)+»2)

IF (FLAG .EQ. 2) GOTO 10

V2 = (PI+T/HAVLEN) # SQ1 * 2,
NHODES = INT( (V2-ATRN(SQ2))/PI ) + 1

RETURN

K = 2« PI 7 (WHAVLEN » 1000000)
NMODES = 10000 » (PI + ATRAN(SQR2)) / (K * SQ1)

RETURN

END

GO 0500 0000000030000 0000000 20002000 000 30 00 3000 0000 00 00 20 e MR RN R ERRRER R RSN S
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Figure 4Z. Coplanar Waveguide

DPefinition of terms: [311]
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A. Air Side: (= £ 0O)
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a

aaaan

aaaan

610
620
c

SUBROUTINES CALLED @
1. INPUT : GETS THE WAVEGUIDE DIMENSICNS

2.
3.

VARIAELE LIST

I
I

NVCIN
NVTAN

COPLANAR WAVEGUIDE FIELD COMNPONENTS

INVERSE HYPERBOLIC COTANGENT
INVERSE HYPERBOLIC TANGENT

REAL#8 S,U,D.B,EREL,FREQ,KAPPA,PI,WAVLEN, GDWAVL,U,V

REAL+8 DELTA,DELTAB,FN,FN1,EX,EY,EZ,X,Y,Z,Z1

REAL+8 GAMMA,GAMMAL,TENP1,TEHP2,RN,QN,SIN1,COS1
REAL+8 YHMAX,ZMAX,YINC,ZINC,TEMP,SLOPE
REAL+8 YFWR,ZFWR,AREA

LOAD THE HAVEGDIDE PARAMETERS

CALL INPUT(S,N,D,B,FREQ,KNPPN)

PUT CONFIGURATIOM DATA INTO THE FILES

WRITE(91,700)
HRITE(S2,700)
WRITE(93,700)
WRITE(91,610)
WRITE(92,610)
WRITE(93,610)
WRITE(91,620)
HWRITE(92,620)
HRITE(93,620)
WRITE(91,700)
WRITE(92,700)
WRITE(S3,700)
FORMAT(1X,'*S

FORMAT(1X, 'EREL = ’,F5.2,'

EREL,FREQ,KAPPA
EREL,FREQ,KAPPA

',F9.7,°’

4]

',F9.7,’

FREQ = ',F15.1,’

D =’,F9.7,'

.Q‘*QQ..'OO.‘#*t'.l**i**‘*****.*“*ﬁ*ﬁ‘**.’ﬁ*ﬁ**‘t*..*l‘*""*ﬁ*.'l*'

O&*“““..‘bl'*tl**.‘*#****.*l’**‘**‘*’*!******“****.'*‘*ll*'I**#ﬁlD!

.0.‘.“0"l!t"&**#l*#*#*!***‘*#***l***#*****&lﬁ‘***'.***!"‘*‘I*O**’*4

B =',F3.7)

KAPPAN = ' ,F20.15)

C‘"‘QC‘..QQ..Q‘.‘..'l*.*ﬂ'*“*‘.’.lﬁ'OQ..*.'.‘*‘.Q.*‘.".*‘.Q“*‘.‘t‘.0“

ITIALIZE THE CONSTANTS

PI = 4+DATAN(1.0)

EREL = 13.

WAVLEN = 2.998E+08 / FREQ
KAPPA * WAVLEH

GDHAVL =
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V = DSQRT( 1/(XAPPA®+2) - 1)

U = DSQRT( EREL - 1/(KAPPA®*2) )
DCLTIA = H / B

DrLTAB = (S+H)/B

C
C INIIALIZE THE USEFUL CONSTANTS
c
NO = 3881 '
Z1 = 6.299 = 0.000001
YINC = 25.0 * 0.000001
ZINC = 5.0 * 0.000001
YHAX = 500.0 » 0.000001
ZHAX = 100.0 * 0.000001
AREA = 125. = 1D-12
c
C

C0.0...0..0.COQ"“..0"““&‘.00‘.“‘000“.0“...“‘000‘.0.".‘0..‘

c

C ZERO THE POWER SUITIATIONS
c
YPIR = 0.
ZPWR = 0.
c
CQQ‘OC'QOCO.&OI‘QQ‘O.C.&‘*CQO'*&"&"0."0'000'."'.IO"*QQO‘QO‘O.Q.
c
c
c
C ZERO THE FIELDS
c
200 Z = 100. = 0.000001
210 Y =0.+ 0.000001
220 EX = 0.
EY = 0.
EZ = 0.
c
NT = NO 7/ (1 + (Z/21) )
c

c.".‘.'.C...".0...‘.0"*"“‘.."Q‘QQ..'O‘“‘..0“‘0‘.'.‘..".0.‘

C CALCULATE THE FIELDS

0

n+1

FN = DSQRT(1 + (2#B#V/ (HeUAVLEN) ) #*2 )
FN1 = DSQRT(1 - (2¢B*U/ (HeUNVLEN) ) e*2 )
GAMMA = FNeHePI/B

GAHMNMAl = FN1sNM+PI/B

TEMP1 = FN1/(EREL*FN)

CALL INVTAN(TEMZ1,RN)

IF (RN .EQ. -10.) GOTO 30

TENMP1 = FN/FNY

CALL INVCTH(TENP1,QH)

IF (Qn .EQ. -10.) GOTO 30

GOTO 35

[
o

n

=
"woH
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WRITE (43,725)
FORMAT(1X, " *evoenndhnennbeinns’ )
NFIN=H

GOTO 100

IN=1

RN + GAMAl%D
QN + GAMHA1*D

nnz

NF
RN
QN

IF (Z .GT. 0.) GOTO S0

TEMP = NePI»DELTA/2

SINC1=DSIN(TEMP)/TEMP
SIN1=DSIN(H¢PI+DELTAB/2)

SIN2=DSIN(NePI#*Y/B)

EY = EY + (SINC14SIN1+SIN2+DEXP (GAITA*Z))
C0S2=DCOS(H+PI*Y/B)

EZ = EZ + (SINC1+SIN1+COS2+DEXP(GAIMA+Z)/FN)
EX = 0.

GOTO 100

IF (Z .GT. D) GOTO 75

TEHP = HMePI+DELTA/2

SINC1 = DSIN(TEMP)/TEMP

SIN1 = DSIN(N+PI+DELTAB/2)

COS2 = DCOS(N+PI*Y/B)

TEMP1 = ( (1/DTANH(GN))-DTANH(RN) ) *DSINH(GAITAL*Z)
TEHP2 = (2+B/(H¥GDUAVL))*#*2 + 1

EX = EX + (SINC1+SIN1#COS2+TEHP1/(H+TEMP2))

SIN2 = DSIN(H¢PI*Y/B)

TEMP1 = (2+B/(H¢GDWAVL))**2
TEHP2 = DTANH(RN) + (TEHMP1/DTANH(GN))
TEHPZ2 = DCOSH(GAITAL1*Z) - (DSINH(GAMMA1*Z)+TEMP2/ (1+TEHMP1))

EY = EY + (SINC1#SIN1#SIN2+TELP2)

TEHP1 = DSINH(GAIMNIALl*Z) - (DTANH(RN)#DCOSH(GAMIA1#Z))
EZ =EZ + (SINC1+SIN1+COSZ2*TEMP1/FN)
GOTO 100

ZTEMP = Z

D

TEMP = HePI»DELTA/2

SINC1 = DSIN(TEMP)/TEMP

SIN1 = DSIN(H*PI*DELTAB/2)

C0S2 = DCOS(H*PI+Y/B)

TEMP1 = ( (1/DTANH(QN))-DTANH(RN) )*DSINH(GAHNA1*Z)
TEMP2 = (2#B/(H*GDUAVL))*=*2 + 1

EX = EX + (SINC1+*SIN1#COS2«TEMP1/(M*TEIP2))

SIN2 = DSIN(HePI*Y/B)
TEHMP1 = (24B/(H*GDUAVL))**2
TEHMP2 = DTANH(RN) + (TENMP1/DTANH(GN))
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TEMP2 = DCOSH(GAIRIA1#Z) - (DSINH(GAMMA1*Z)»TCHP2/(1+TENP1))
EY = EY + (SINC1+SIN1»SIN2*TENP2)

cC
TEMP1 = DSINH(GAITA1*Z) - (DTANH(RN)*DCOSH(GAIMNA1+Z))
EZ =EZ + (SINC1*SIN1#COS2+TEMP1/FN)
c
TENMP1 = DEXP( -GAMMA*(Z-D) )
EX = EX » TEMP1
EY = EY » TEMP1
EZ = EZ »~ TEMP1
C
Z = ITENP
c

100 CONTINUE
80 FORMAT(1X, 't = ',I4)

IF (M .LT. NT) GOTO 105

IF (NT .EQ. NFIN) GOTO 125
WRITE(91,717)NFIN,NT
WRITE(92,717)NFIN,NT
WRITT.7/93,717)NFIN,NT

Qa0

25 EX = 2¢EX ‘TZOUHAVL

EY 2*EY/H

EZ ~-2%EZ/B

SLOPE = EY / EZ

YPHR = YPIIR + (RARER # (EY##2))

ZPWR = ZPWR + (AREA * (EZ#*2))

"o n

c

WRITE(43,740) Y,Z,NFIN
C
0000 0000 0O 0 A 0 D
c
c HRITE DATA TO FILES AND SCREEN
C

WRITE(43,700)
c
,EY,YPUR,NFIN
,EZ,ZPUR,NFIN
,SLOPE,NFIN

WRITE(S1,710) Y,Z
WRITE(92,715) Y,Z
WRITE(93,716) Y,Z

Y =Y + YINC
IF (Y .LE. YMAX) GOIO 220

WRITE(91,700)
WRITE(91,702)
WRITE(91,700)
WRITE(92,700)
WRITE(92,702)
HRITE(92,700)
WRITE(93,700)




700
702
710

715

Ce QQQ‘C‘Q.OOQQQQ..‘0*’*****‘*&‘*‘0*0‘***“*

WRITE(93,702)
WRITE{93,700)

Z =Z + ZINC

IF (Z .LE. ZNMAX) GOTO 210
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FORHAT(1X)

FORHAT(1X, "#»» (I 1) [ 12} i 12 e 11
FORMAT(1X,'Y = ',F10.7,' zZ="F10.7,’
1’ YPWR = ’,F25.15,"’ NT = ’,1I5)
FORHAT(1X,'Y = *,F10.7,’ Z="F10.7,'
1’ ZPUR = ',F25.15,' NT = ’,I5)
FORHAT(1X,'Y = ',F10.7,' Z = "',F10.7,'
1’ NT = ’,I5)

FORMAT(1X, "NEXT LINE: NFINAL = *,14,°'
FORHAT(1X,'EY = ',F25.15)

FORHMAT(1X,'EZ = ’,F25.15)

FORMAT(1X,’'Y = ',F10.7,' Z="'F10.7,'

STOP
END

P2 2 N 1 1 wan ')
EY = ',F25.15, -
EZ = ',F25.15, -

SLOPE = ’,F20.10, -

THEORY NIERH = ',I4)

NFIN = ',I5) -

T Y2 T2 2 23 T2 2 2 22 S A0 L L0 Al BN



COesnassentsestos st sdss ins Pt esibstsntiteaiit e tntirrssssbnssssssersesssss
g THIS SUBROUTINE GETS THE COPLANAR WAVEGUIDE PARMMETERS
EO0‘000000v.'0‘Qi.b*"*Q#iD*.#"'t.*l*.!&&tl#v!**.l&d0*0***#*’*&&**'*#*#*
‘ SUBROUTINE INPUT(S,H,D,B,FREQ,KAPPR)

‘ REAL#8 S,W,D,B,FREQ,KAPPA

‘ DATA Y/'Y '/

5 WRITE(43,10)
WRITE(43,20)
READ(S0,100) S
S =3+ ,.000001
WRITE(43,30)

- READ(90,100) H

W =Uwe+ .000001
WRITE(43,40)
READ(90,100) D

D =D#» .000001
WRITE(43,50)
READ(90,100) B

B =B+ .001
WRITE(43,60)
REND(90,100) FREQ
FREQ = FREQ * 1000000000
WRITE(43,70)
READ(90,100) KAPPA
WRITE(43,80)
READ(S0,110) QUES

IF (QUES .EQ. Y) GOTO 5
RETURN

10 FORMAT(1X

20 FORMAT(1X, "ENTER SLOT WIDTH (MICRONS) : ')

30 FURHMAT(1X, "ENTER GAP WIDTH (HICRONS) : ')

40 FORHAT (1%, *ENTER WAFER THICKNESS (MICRONS) : ")
50 FORMAT(1X, 'ENTER B (MILLIMETERS) : ')

60 FORMAT (1X, "ENTER FREQUENCY (GHZ) : ")

70 FORMAT(1X, "ENTER KAPPA : ')

80 FORMAT (1X, 'CHANGE PARAMETERS (Y/N) 2 %)

100 FORNAT(G11.5)
110 FORIAT (A1)
C
END
c

C.O‘.O‘.OO‘000OQ0"‘00.QQ*"..O‘OQ""‘00‘.‘."’*.0.0.0"..‘..‘ll‘.“"‘. ®v.




c..QOCQOQ.‘Q‘-'C&.“.*‘!'Q‘*..‘Q‘#!*'*l**'*****.l*l*bl‘O“‘***‘***‘*"*.Q

c

c INVERSE HYPEREOLIC  TANGENT
Cc

C.‘O'.t..‘C*‘Q.‘..'t.‘*“.‘*'"‘*Q“'**’*##*.‘*.***#****‘***"*'#***"”!

SUBROUTINE INVTAN(X,Y)

Cc
RENAL*8 X,Y
C
IF (1 .LE. X%*2) GOTOC 100
Cc
Y = 0.5¢AL0OG( (1+X)/(1-X) )
RETURN
c

100 WRITE(43,110)
WRITE(43,115) X
WRITE(43,120)
WRITE(43,110)

Y = -10.
RETURN

110  FORMAT(1X)
115  FORMAT(1X,' X = ',F25.15)
120 FORMAT(1X, "e*»+ INVALID ARCTANH #wwa’)
c
END
C

C*‘O"*&.0‘Q".‘.O"“*Q’*#*‘**‘**"‘#*‘l’#*‘*“**.l.‘*‘Q‘*b"“‘**.b"“Q




COrtarr ottt ums et R mat b im0 oo o0 0 0o 00 0 0 R 05
C
c INVERSE HYPERBOLIC COTAMGENT
C
0000000 00000000 000 0000000 0 o 000 000 00 0 R0
C

SUBROUTINE INVCTIN(X,Y)

Cc
REAL*8 X,Y
c
IF (1 .GE. X=#2) GOTO 100
c
Y = 0.5¢ALOG( (X+1)/(X-1) )
RETURN
c

100 WRITE(43,110)
WRITE(43,115) X
WRITE(43,120)
WRITE(43,110)

Y = -10.
RETURN

110  FORMAT(1XD
115  FORMAT(1X,' X = ’',F25.15)
120  FORMAT(1X,’#%s* TINVALID INVCTNH #ess’)
c
END
C

o T2 2T TTLLT LSS ST 222 3223822322223 2 222223 22 RS TR IR S 22 Y 2N




Appendix E. Drawings of the Modulator Test Fixture

Modulator Teot Fix ture

Sketch of assembled fixture (7 pleces)

Drawn By‘ D. Materna 3-3279

O.te: 9-24-86
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